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SUMMARY

Linear Elastic Fracture Mechanics has been used to study the
microstructural fectors controlling the strength and toughness of two
alpha~bete titanium alloys. Fracture toughness wes found to be
independent of orientation for alloy Ti/6A1/LV, but orientation

dependent for IMI 700, bend and tension specimens giving similar

relationship between strength and toughness, with toughness becoming a
minimum as the beta transus was approached. The production of a double

oy &
decrease in strength. The double hesat treated microstructure was

produced by cooling from the heta ficld into the alpha beta field,

n toughness over alpha beta
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forging in the high strength alloy, but had little effect on the
toughness of Ti/6A1/LV.

Light and electron microscopy showed that the increased .toughness

resulted from the alpha phase being changed from mainly continuous to &

20

iscontinuous platelet form in a transformed beta matrix., Void

formation occurred at the alphs-beta interface and crack propagation

was via the interface or across the platelet depending on which process
uired the least snergy.

Varying the sclution treatment temperature produced a varying
interplatelet spacing and platelet thickness. The finest interplatelet
spacing was associated with the highest toughness, since a higher
applied stress was reguired to give the necessary stress concentration
to initiate void formation. The thickest alpha platelet size gave the
highest toughness which could be interpreted in terms of Krafft's
fprocess zone sigze®™ and the critical crack tip displacement criterion

developed by Hahn end Rosenfield from an analysis by Goodier and Field,




CONTENTS

Pege
1e TNTRODUCTTON 1 -4
LITERATURE SURVEY
2. Engineering Approach to Materisls 5 =39
3. Assessment of Toughness 9 - 49
Le Fracture Toughness Testing Techniques 20 - 27
5e Effect of Testing Variables on Toughness 28 « 34
6, Practical Application of Fracture Mechanics 22 - 35
7 Strengthening Mechanisms in Metals 36 - 43
8. Interaction of Titanium With Cther Elements Lh ~ Si
9o Variation of Toughness and Mechanical
Properties with Heat Treatment 55 - &4
10, Micromechanisms of Fracture 62 - 80
146 Stress Corrosion Cracking of Titenium 81 - 82
12o EXPERIMENTAL PROCEDURE 83 = 107
1356 RESULTS 108 = 196
1h. DISCUSSTON 197 = 245
15, CONCLUSTONS 2L6 « 218
16, REFERENCES 249 - 255




T INTRODUCTION

=

From a comparatively noveioﬁééaifoffﬁ§é5early ?940?syﬂtitaniﬂm has by
the rresent day developed into an enginééring mater131 with,an annuel
production of about 10,000 tons. The name of Kroll is synonomous with
that of titanium)for although Van Arkel and de Boer had shown that titsniun
was not a brittle material as had previously been suppcsed, it was left
to Kroll to develop the process which enabled large scale industrial
develooment of the metal possibleéusing Calcium;and then magnesium to
reduce the tetrachloride.

Iill production exceeded 1,000 tons in 1953 and continued upwards

Fa)

during the middle 1950's, though in 1958 recession occurred in the

3]

U.5.A. as military recuirements collapsed. Work was then undertaken with
a view to reducing costs and improving quality with a reduction in sponge
price. Due to high costs titanium has always been associated with the
aero-space industry, azbout 90 per cent of the free world titanium going
into the sircraft industry.

The Second World War gave an impetus to the development of titanium

v

and its alloys, for the early 1940's saw the emergence of the jet engine
and sssoclated with it the necessary high performance materials which
needed to be developed)with their high Strength/Weight ratio, good fatigue
properties, good corrcsion resistance and good metallurgical stability
in their useazble temperasture range.

Titenium alloys sre smongst the most expensive materials, on an
initisl cost basis, but when compared with other materisls on the basis
of the above vroperties and allowing for the fact that maintensnce and
replacement parts are reduced, titanium alloys emerge in a more
Tavourable light,

Host alpha-bets titaniunm alloys are alpha-beta worked and the final

forging for use as a structural component can be as low as 40 per cent

of the original casting weight. Therefore 60 per cent of an sllov

-
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I+ would therefore be eoonbmicallyjaév/g"agebus to use scrap

titanium to supplement sponge titanium.iﬁ‘tﬁe/censumab1e e1ectroié¢.
Titanium producers are reluctant to use scrap from unidentified

sources since the large affinity of titanium for oxyvgen and nitrogen
renders much screp unacceptable to them; also, I.M.I. use sodium in the
reduction of the tetrachloride, which produces svonge in a granular form
and any scrap would have to be shredded to pieces g few millimetres in
size and then compacted with sponge and extruded to form a consumable
electrode. arge particles of scrap or foreign material such gs carbide
chivs from machine tools may not be dissolved in the molten pool of the

acuum src furnace in the time available for melting and could give rise
to problems at s laver stage.

One method agvailable for cutting down the amount of scrap produced

O

4 : )

beta forging, where closer dimensional accuracy is more possible,

&

is

giving less machining. INanufacturers have been reluctant to use this

7
; . . s 1
method due to associated low ductility values. Coynek ) has shown

however that sufficient working (greater than 25 per cent reduotion) can
glve comparable ductilities to material that has been alpha-bets forged,
(see section 7. 2)

A useful comparison.of aero~-engineering materigls can be made on s
creen strength/weight ratio. Fig. 1 shows the stress to give 0.1% creep

2in in 100 hours factored for density, agsinst temperature. Up to

n

tr

o

about 55000S titanium alloys (IHI 551) compare favourably with steels snd
the nimonics, but azbove this temperature they lose their s trengths quickly.
Ti/6Al/4V has good creep stability up to about 300 °C but then its strength
deteriorates rapidly. IHI 700 retains its Creep properties up to about
400°c,

The use of titanium alloys in jet engines can be illustrated by

observing where titasnium allovs are used in the Rolls—Rovce/QT“ChA

Olympus 602 engine, Fig. 2 .  Titanium alloys are used in the cooler end
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s

of the engine, from the low pressure compressor to about half way down

‘ture approaches 59@06

‘,._lm

the high pressure compressor where the
the veefulness of titanium alloys over other alloys is not cbserved. In
(9

24

the compressor titanium alloys such as Ti/641/LV are used for blades, whilst

T

the discs are made from a Ti/A1/Mo/Sn creep resistant alloy. By using

titanium alloys in the Olympus 602 a2 weight saving of about 1,000 1b, can

be achieved, giving a total weight seving of 4,000 lbs.

-

Since 1955 strvectural use of titanium has increased steadily from

o)
i~

about 1 per cent to 10 cent for a Boeing 747, Concorde having about
5 ver cent titanium structursl material. For super-scnic aircraft weight

savings of up to 25 per cent are possible when titsnium alloy sheet is

used for aircraft fuselages,when compared with conventional aluminiun

=

slloys, et a unit cost increase of about 15 per cent.

-

It seems probsble that titanium alloys will continue to be used

pede

n

Jet engines for the rest of this century, though its range of usefulness

over other materials is being attacked on one side by composites and on

the other by the super-elloys, its efflective range being from about

ammOn A0 . . .
200 C ~ 5507C. With increasing cruising temperature of alrcraft skins

o

eluminium alloys will no longer be adequate for fuselage contruction, and

this should open up a new field for titanium alloy sheet materisle.




LITERATURE SURVEY

N
°

2.1 Enegineering Avproach to Materigl Utilizgtion

a3

in engineering structure must be designed so that it 1

¢!

cap
withstanding service loads ddliﬁ? ite lifetime without the whole

or any onrt of it failing. The engineering approach to safe des

able of
member

ign is %o

consider the load and deflection on a section, and with the advent of

Linesr Blastic Fracture lMechanics the sivze of defects present in
structure,
Failure of structural members can occur by the following pr

(1) Elastic fzilure,where excessive deflection occurs

increasing load snd buckling of s column under compres

Y % : =~ JL I - . P AN iim
(2) Piastic yielding occurs when the slastic limit is

znd permanent change in shape occurs. Yielding is
_‘J_

trength of the material, and at ambient

temperatures strain hardening occurs where an increase

P

7

N

the most common fracture in machine parts being due to

from s local surface siress concentration.

~
=1

ocesses:

under

sion.

exceeded

ontrolled

(3) Practure which can occur in a brittle or ductile manner,

fatigue

The usual engineering adproach to safe design is via a safety factor

nllow for the possibility of excessive loading. The working
Cw is kept below the yield or ultimste stresses Oys and Cuts by

Tactor of safety which vuries from 1.65 - 2,0 (Nys) to 4.0 (Nuts

on whether the ns

Gw = COys or Ow = Outs

0%

stress

Nys Nuts

Ty 1 . . o™ 1 ~ N 3
For low strength materials Oys = % Outs and therefore the above
criteria are roughly equivalent. Structures are not usuallvy subject 1o




tension and criteris hav@ been developed for the onset of

plosticity, where a trisxial stress system is present, the main ones being

the Tresca or maximusm shear stress theory and the Von Mises or distortion

e N A e
enarsy TR0y .

andenuzcies of Conventionsl Eneineerine Desisn

n
)
I_
5

Conventionsl design criteria are based on the following criteria:

(1) ZInsure that no large scale deflection of members occurs,

EN (. R R IPN- . 3 A P
ny keeplng the loads acting below ¢

(2) Xeeping the loads below the ultimste load so that

or necking does not occur.

,.f
('J

t that local regions around discontini

may becoma plestic but that elastic constraint will prevent

Wone of the sbove is concerned with

asuning that the Crachture sirens

- 3 - - k.
and equal to or greater than the ultimate tensile strength {(Fig. 3(a).
E ~ NS

the yield snd vltimate loads and thus below the fracture giress. Relatively

1
i

o)

asccidents have occurred, but those that have occurred have been

extremely injurious in some cas es; and in all cases catastrophic. Well
documented examnles include bridges, a tank for storing molasses, a
methane storage tank, turbogen lerators, pipelines and Liberty merchant
shipg.  Subsequent inspection of +the sbove Tailures showed that in some

o
4

cases working loads were exceededjas was the case for the molasses tnnkjor

that the maximun bending moments (iL the case of the 3.S. Schenectardy)
at the time of fracture were only one half of the moments sllowed
for in desi M.

Accidental failures still occur, viz., the fourth Danube Bridge in

November 1969; the Milford Haven Bridge in June 1970 and the West Gate

Bridge, Melbourne in October 1970. A Royal Commission Revort in Aucust 1971
. <L - (5 bt
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blamed the West Gate Bridge designers for the collaps

(5

sabing that "in these bridges, factors of safety of from 25 per cent to

31 per cent were intended during erection. In each case,

¢

a

margin of safety was eroded by a number of gccidental factors®. Generzglly

however improved design and inspection has cut down the incidence of sudden

cebastropnic failure. However some warning of impending disaster would be
desirable so that adequate precautions could be taken.

L

Conventional design practices do not anticinste unstable fractures

often contagin values

obtuine

&

at ambient temperztures in air at moderate strain rates, no

mention being made of temcerature and envirvonmental veristions which
affect the strength narsmeters,
Particularly vulnerazble to temperature effects is mild steel which

is used in considerable quantity for a multitude of engineering uses,

’D

where a ductile/brittle temperature transition cccurs at or sbout ambient

temperatures,
Other relevant factors which should be considered are hydrogen
embrittlene stress corrosion, creep and fatigue properties.

It can be seen therefore, that the use of conventional design limits

L

based on yield or ultimate strengths are inadeg‘atgﬁif brittle behaviour

can occur around notches or other local stress concentrations, and that

2 variation in local environment can play an important vart in determining‘
he effect of stress on a loaded body. It is therefore necessary to have
a fracture design criterion to predict the onset of fracture in a body

for a given loading condition and allowing for environmental effects

snd service lifetime.




3. ASSESSIENT OF TOUCGHNESS

3,1 Conventional Anoroach to Toughness

b

M™e nrevious section has shown that conventionsl design criteria

moke use of sufety factors to determine working loads. To increase the

working load one must use o materisl of higher yield strength, but
sagociated with incressed strength is the usual inverse relsgtionship

with ductility. Associated with increased strength is 2 lowering of

-%-,-s

the material toughness, which is important because comnonents in service

s}

sdways have asgociated notches or other points of stress concentratio

The usuzl method of toughness assessment is 1o measure the energy

size specimen with a machined notch situsted in the middle of the test

bar, The energy values obtained cannot quantitatively relate working

loads to the onset of fracture but can be used to indicate relative
changes of impact energy with temperature. The main objections to the
impact tests sre:-

e but unknown proportion of the energy goes to
initiate a crack from the machined notch.

(2) With a standord specimen size (10 mm x 10 mm x 60 mm)
the plastic zones may extend across a considerable part of the
specimen cross section, thus invalidating any elastic criterion

(3) Where fracture toughness is assessed by the ratio of
nendulum energy loss to initial uncracked area W/A in a pre

f

te)

®
G

tigue cracked specimen, it is assumed that this value is equal

to G 1¢s 1mplying no devendence of G4¢ on crack speed.




3.2 The Griffith Theory

The theoretical tensile stress Oc required to fracture stomic bonds
J:; 4 . " y ¥ 03 y

is approximately (BY /b)* and with ¥ = Eb/20, b = inter atomic spacing,

5 = Young's ifodulus, ¥ = surface energy | Oc = E/S. This theoretical

stress 1s never reached in practice, however, solids failing at an

anplied stress of about E/?OO The first explanation of the discrepancy

between the observed fracture strength of crvstals and the theoretical
cohesive strength was proposed by Grllflt} here the stress
€oncentration st the crack tip augments the applied stress to the

theoretical stress, Griffith proposed that 0F = (2B ¥ /rT'a)Z,

a = crack length and for OFf = E/ZOO, we obtain a crack length of about
%AP as the size of a Griffith crack.

The energy balance problem investigated by Griffith, has a
disadvantage in that the criterion gives a condition that is necessary
but may not be sufficient to cause failure, since for z blunt crack
the energy criterion may be fulfilled but the stress at the $ip may not
be great enough to rupture the atomic bonds,

Griffith's theory can predict the fracture strength of materisls
such as glass, predicting crack lengths of the order of one micron as
shown above. For metals values several millimetres long are predicted
and are thus non avplicable.

(3) @

Orowan and ITrwin™ proposed that in addition to the surface energy

te X in the Griffith equation, that a plastic work factor XP
should be considered in addition to X , 8ince they recognised that
plastic deformation occurs near the crack tip and therefore plastic work

e Griffith equation is

(¥ + 5 U//TT a)=.

- . . 2 . o
In the Irwin analysis OF° 7T a /E = G, where G is the strain energy

=

ropagation.

JE 4

is expended during crack

I\JH

v o A /s
therefore modified to read (in plane stress), O = (2

\

73 ‘

release rate and comparing this with the Griffith equation it is seen




n is the materials

and becomes equal to Ge at crack extension. In,ngrmal-enginge:ing‘

materinls the plastic work factor has to be taken into account, though

it is stlll possible to use the rate of elastic energy avasilable, G
b2 b

ve the materisl dissipation rate, R; auproach, where rapid extension

ol & crack takes glace,when G becomes greater than R.
3.3 Linear Blastic Fracture Liechanics

Fracture mechanics makes use of equations which predict the
stresses ahead of an elastic crack in an elastically isotropic

medivm. Consider a thin plate with an applied tensile stress §

€

containing an elliptical hole of length 2a (Fig, 4(a).

At points (r, 8) from the tip, the elastic stresses for a slit
/
X

crack of zero thickness sre given by Sneddon :

Oyy =0 [ a \% 5 cos 18 -1 cos 58 ceesss 1A

Zﬁr/ 4 2 4 2

i

O = T 5 3 cos 16 + 1 cos 58 ceeeoslB

r 4 2 4 2
Txy = 0 [ a \+& sin € cos 48 cos 3@ cecsesldl

nr 2 2 2

The stress fields operating near the tips of a crack can be

divided into three basic tyves denending on the local mode of
deformation (Fig. 4(b).

The opening mode I occurs when the opposite Taces of the crack
move directly apart, whilst mode II occurs when the crack faces slide
over one another in the X direction. Mode III tearing causes the
crack surfaces to move in opvosite directions in the Z direction.

The aboveequations show that the local stresses near a crack, depend

on the product of the nominal stress § and the square root of the
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FiG.4a CO~ORDINATES FOR THE DETERMINATION OF THE STRESS FIELD
AT A POINT (z,©). .
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crack length, the name stress intensity factor X being designated to
this relationship. For mode I deformation the value of 0 yy is

then written:

Cyy = K T £ (@), where f. 6 is as given above.
(2112)%

The stress intensity factor X is 2z function of the applied stress
and crack geometry and for a crack of length 2a in an infinite plate,
K is given by K= O (77 a)%e

The stress intensity factor is related to the strain energy
release rate G via Young's Modulus, Ej

2 ) . \

K~ = B¢ (in plane stress).

It was shown in the section on the Griffith equation that G is
related to the surface energy term Y ;, but again we are dealing with

the little known effective surface energy term. The

approach on the other hsnd is more attractive since it is based on

the concenpt that the local s

ress near the crack tip is described

He

n terms of the stress intensity factor, K, which for a fully elastic
situation is related to the strain energy release rate, G, via the
above eguation; also, no account has to be taken of Young's modulus
if the stress intensity approach is used in comparing relative
toughnesses in alloys.

It is possible to avoid the energy balance approach of Griffith

and 1ts associated surface energy and plastic work phenomens by

using standard elasticity theory .

involves movement of dislocations and the plastic deformation
associgted with them. The amount of plasticity occurring at the crack
tip is small in relation to the phenomens occurring in the

N

elastically stressed region. As the ratio of volume of plastically

14




deformed material, to elastically deformed material increases the

magnitude of the error also increases.

o

Wblls(’) has developed an alternative method to the stress

intensity approach based on the assumption that an accurate guide

j»]

to the notch toughness of a material is given by the amount by which

B o failure. This approach can be used where

5 sharp crack opens orior
. Y — (7) s
excessive plasticity occurs. Wells ; Cottrell and Burdekin

and Stone have shown that sz simple relafionship exists between

the fracture foughness Ge and the crack ovening 2Ve via the yield

strength: Gec = Tys . 2Vc.

3.4 Plastic Zone Formation Ahead of Crack Tiv

PN

The high stresses (equation 14) formed near to a crack tip,

~

produce plostic deformation with the formation of a plastic zone

The size and shape of the »lastic zone depends

(o]

. ', around the crack tin.

b
)
o)

on whether pluane stress or plane strain conditions vrevail and
whether the maximum shear stress or distortion energy criteria are

N . .(9) ‘ . ,
used. An approximation due to Irwin to determine the size of the
plastic zone can be obtained from equation (1A)¢ In the cgse of
T s £ ~ g AT o R A IV I O' ~<~ S, - 3, *
plane stress with © = O and setting O yy to O ys and v = ry we obtain

2
I‘jg= 1 E{C o 00 00 e 21{
el \ Tys

radius of plastic zone

i

where rg
0 ys = uniaxial yield stress.

2
For the case of plane strain, Irwin used a factor of (2{2)% for

5 .

the elevation of the yield stress znd if O yy = (2J2)% O ys

2
oy = 1 [Kic ceeees 2B
g4t | O ys

The plastic zone size in plane stress is therefore about twice

thet for plane strain, as shown schematically in (Fig. 5).




Surface //m
7N

FIG, 5. SCHEMATIC REPRESENTATION CF PLASTIC ZONE AT THE

FRONY OF £ THROUGH PHICKEESS CRACK IN A PLATS




A more precise method for determining the plastic zene size for

non strain hardening materials for a sharp tensile crack under plane

, 0) e :

stress nas been formulated by Dugdale(1 ‘. Similsr work has also
R , . . e (11=12) .

been carvied out by Bilby, Cottrell and Swinden, using a one

of

6]

dimensional model for the formation of plastic zones at the end
7 .
cracks (Pig. 6).
A crack of length 2¢ under lode I loading under the action of a

nominal stress § , extends toa length 2a, but is constrained by an

+ a, This internsl

internal tensile stress agcting from x = ¢ to x =
stress 1s equnted to the yield stress (plane stress) existing in the

plastic zone to maintain equilibrium. Dugdale formulated the plastic
zone in equilibrium with the applied stress to

c = cos 1. O
a 2. O ys

For low values of T with respect to T ys, the size of the plastic

2 2 . . . i
zone (a - c) = 7 0% ¢ which is similar to the equation proposed
sy
8

0 ys
by Irwin.
Under conditions of plane stress the maximum longitudinal stress
T vy, does not exceed the uniaxial yield stress O ys (Fig. 7) since
from the maximum shesr stress theory 04 f 0, 6 % Oand 03 = 0
for & case of plane stress. Figure 7 illustrates that within the
olestic gone, O yy is reduced from the elastic value to that of Oys

and therefore to accomodate this the plastic zone must extended to

s distance lr&

In plane strain however the Oé component is not zero and therefore

il

from the meximum shear stress theory 0 - (3 0 ys and therefore
0 (OTyy) = Tys + 03. The effect of a notch in a thick section

when plane strain conditions exist leads to higher gross stresses on

a sectiony leading to lower values of the stress intensity K,
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The shape of the plastic zones produced under conditions of plane

(13)

o

stress and plane strain have been investigated by Haln and Rosenfield

Two basic plastic zone types were observed, corresponding to plane
stress and olane strain conditions respectively. Practical investigation
using silicon steel showed that (in plane stress), the plastic zones

O

o) . ] . -
soread out on 45" planes that bisect the angle between the normal and

ot
ot

he crack and are naraliel to the direction of

the leading edge of

crack propagation, and were very similar to those proposed by the
-y '1(\10> o T3 AR A 3 L 41 1
Dugdale model . Btching interior sections revesled that the

mechanism of yielding was shear on slabs inclined a2t approximately 45
to the tensile axis and the zone width was avprozimately equal to the
counon thickness,

In plane strain regions the plastic zone extended normal to the

Fal 4

vlane of the crack, the shave of the zones being that of yielding

(14)

occurring by flow about plastic hinges




L FRACTURE TOUGHNESS TESTING TECHNIQUES

4.1 Specimen $ize Reguirements

Tt has been shown that for the opening mode of deformation, the

stress intensity factor is releted to the applied stress ¢ and crack
1_.

sptil at s certain value of K celled Ko, (criticel) the crack is able to

o+
oy
0
ol
i
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D

nts the maximum value of the stress intensity

4

s and is known
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ve egustion is a function of

the specimen dimensions and the relationship vetween K and the specimen

[ 11
Juy
[ €]

dimensions czlled a K celibration. Two methods of obtaining the K

calibration are available, the experimentsal method devised by Irwin and
(12\

. 15 .
Kies' “/, and e methematical

y derived method based on adjusting aun
approximate sclution to satisfy certain boundary ¢ conditionse.

Specimen design should be modelled arcund the effects of thickness,

ligaement length and crack length to accurately represent the actual Kico

4.2 Effect of Thickness on the Stress Intensity

Kcdepends to some extent on thickness as shown schematicelly in
Fig. 8. It can be seen from the diagrasm that there is a certain
thickness sbove which Xcis independent of thickness (K70)5 which gives
s minimum value to the stress intensity factor.

A minimum velue of specimen thickness has not been evaluated on
mathematicel grounds but large numbers of tests on e variety of metals
(16)

has resulted in the A.S.T.M. proposing a figure related to the

plastic zone size. The lower limit for thickness B has been suggested

2
as B = 205 (K.-!C/O,ys) e







A2 Tffect of Crack Lensth and Plate

,1(tq on K%.

Bxcept ot amnll crack lengths the plsne strain fracture toughness

is dndenendent of cruck length. Again A.S.T.HM. recormend a crack

~
o K . \ <& . =
lensth of srend vrien 2.5 (ch/{"i(vu) ¢ though this value i ¥y 1o
mewns wndatory for 11 mabterisls and must be viewed as a guide,

[4n
ot
)

D

o
o0

WN
4]
1=
;“:
]
—t

3
ot
O

within experimental scatter
of (W - 2) on the plane strain fraciure

4.4 Effect of llotch Acuity

ilegsurenients of
specimen geometries, have shown that with mild root radii such as

0,005 in. or 0.010 in. the relsiions?

» between Geznd the crack

agree with that calculated from s sharp crack model

=

ic behaviour. Thus it appears that the strain

independent of root radius in the range from s

methematical crack to o finite root There is s relationship
between K znd elastic stress concentration snalysis:

F—% 0
vhere (m = meximum siress at notch T00t
£ = radius
IR +

for root radil that are small compared to the notch depth, K
will be insensitive to the root radius, whem Om is inversely

X (18
sroportional to ffi Fxperimentsl data (18) however,; has shown that X

ig dependent on root radius snd therefore fracture is not Just
de

ependent on resching a critical value of X . What hapoens very close

22




to the crack tip is also importent, i.”,fuﬁe plastic deformgtion

e
w

occurring in a very small volume, and therefore unless the notch
sharp the initiation process may control the value of X1€. It is usual
therefore to perform fracture toughness tests on sharp cracks, i.e.

Fatigue cracks, so that the test occurs under conditions where the

itiation nrocess can be

occuxy under conditions of

a stress concentration on the surface of the struciure.

4.5 Choice of Specimen for Fracture Toughness Testinge
Cn the besis therefore of & large amount of experimental

evidence regarding the effects of thickness, ligoment length, and

cranck length, a number of recommended minimum specimen dimensions have

)

been develope

me

e simplest form of specimen would be g centre cracked plate

iy
’D
o
=
o}
5_.v
Q
[0)
O
[
9]
o}
D
Q
—
=)
]
o]
Cl
(D
|
o]
9]
Q
=

e

it
T

e

o through thickness crack, but th
the strength, toughness and shape of available material. Plate or

sheet specimens are more smenable to centre cracked specimens but

O

material of high toughnes / strength ratio requiring a thick specimen
s o - a9 . f 2 LI A - \2 .
to obtein plane strain conditions (B = 2,5 (K1o/0&3/ would require

a CKS type specimen. Again bar material would best be suited by

=

round notched bar which has the advantage that notches of s particulsr

ol

snape can be easily machined by grinding, however lar rge specimens asre

oV

Bend specimens have a wide range of

required and high losds occur. s
conlication and csn be used to study the anisotropic variations of
Kqc by suitsbly orientating the specimens and are widely used to

r

determine toughness in forgings and plates. Machining regquirements

are kept to a minimum which is important when alloys difficult to

machine are being investigated since no holes are reguired nor do long

rack lengths have to be machined.,




£ nl

4.6 Procedure lor Fracture Toughness Testing

m b
ine

basis of the determination of the plane strain fracture

5

tougimess, Kqc ds to record the applied load snd some function of the

thoon s XY

-
£
[

lotter, the X exis being used to record the

[

en

Q
O

k

4= ~ 2

losd.  Methods available to detect increase in crack length include

electric potential measurement, ascoustic emission =nd dis splacement

5

messurenents.  The disvlacement of the oppoSite faces of the crack is

—~
jo!

common wethod recuiring the lesst amount of electronic atus and

the most coumon method uses = double cantilever beam gauge to which
are sititoched elechtrical strain ceunces
L2 v uacned electrical LAl gauges.

m

The procedure for determination of plane strain fracture toughness

N’

apnesrs in full in the 1i (19 and will be outlined he

. 9 shows typical load/displucement curves. If the conditions
cutlined earlier for the minimum requirements of crack length, specimen
width and material thickness are satisfied, fracture should occur at
moaximin load (Fig. 9(a). If o thinner sample is used, the influence

of the pline stress conditions at the free surfaces will retard the

of the crack and the test record exhibits "pop-int

(Fig. 9(b). Originally the onset of pop-in was one of the oriteris
for successiul Kqc determination, but since pop-in depends on thickness
and mzterisnl under test, its use is limited snd has conse qquently been

? Y
dropped. Poo-in is connected with the nature of +the plastic zone,
which at the surface has been shown to be gbout twice that under plane
itions. The free surface influence extends into the
L. R S o I T "'6 2 3 -
thickness g distance provortionsl to (£1C/ vs) and conseguently when
3.
1l

he thickness is less than a certain value the effect of the vlane

stress situstion on the surfaces will extend across the svecinen

thickness before the stress intensity reaches Kqc.




Further reduction in thickness mskes pop-in identification

5

difficult and the load/displacement record exhibits characteristics

plastic deformation (Fig. 9(c).

Since pon~in is consideread unsatisfactory for the msjority of
~>teriwlﬁﬁcoupled with the fact that cracking can also occur without
~omsjor crack advimce, such as in the case of small successive Jumps
of the crack front, the secunt wethod is now recormmended. This involves

the lozd corresvonding to o given effective crack length =nd

toking o line with o certsin nercentage less than that of the
congent OA drawn o the initial nart of the lozg
£y N N . A ~ o . N i .

(Fige 10).  The mogmitude of the change in sloone depends upon the type

of test specimen snd the ratio of crack length/speoimen Wldthj eing

)

-ll.
ct
o

5 per cent {or on a/w of 0.5. The load st e intersection of the

al

secant line with the load/displacement record is called Pg. 4 horizont
line is then drawn st 0.8 Pg 2nd the distance X4 is measured. If this

distunce exceeds one quarter of the corresponding distance at Pg then

id one. If the test is vslid a provisional fracture

toughness Kq is calculated from eguation
Kq = YPq/BW
where Y is the proportionality geometric factor which is obtained
from tihe K calibration nybeing a function of a/W.

2
inally, the factor 2.5 (K1¢/Cys)” is calculated and if the

ickness B is greater than this value, the Kgq vslue is the plane 8train
fracture toughness Kqc. If however this condition is not met it will

A

be necessary to test s specimen of thicker dimensions. Since the factor

n

is 2 guide, one may find that thicknesses less than the factor give

fracture toughness values which geree with Kqc values.
& 1
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4.7 Recording of Test Results

The following data should be recorded for each specimen tested:

s " .
(1) specimen identity

~ N\ 4
(2)  thickness B

(3) width W

(4} crack length a

(7) orecracring fatisue data
(o\ T aads e -

.3)  losading rate

{aY  anmn “am 3 1 cmans e

L ¢)  spen for bend sopecimens
(10)  yield strength

! P
(11) X.c.

1




5.  FETECT OF TESTING VARTABLES ON TOUCHNESS

Fatigue cracks produce cracks that comply nearest to the
mathematical sharp cracic, ond thus revresent the most critical service
condition., Fatigue cracks are propagated from a machined notch a

4
]

sulficlent distance shead of +the notch 50 that the stress digtribution

shend of the craclk

is not influenced by the shape of the notch. The

o0

tyoe of notch usurlly used i flat-bottomed notch having s maximum

sngle of 607. For brittle materisls a chevron notch can be used to

the fatisue crack, cracking will commence along the centre line

O

initiate

ond control can be exercised over the cracking rate.

5
H
o)
O

A

A high stress concentration occurs as the tip of the chevron notch
L) e

vhich ensures that a low stress can be used, since the effective sharpness

The effect of increasing Kmax beyond a certain fisure leads to an incresse

a0

in the apparent Kqc of the metal A.S.T.%. have recommended a maximum
L
stress intensity range of 15 k.s.i. (in)® for steels.
\ .
T 5 ) .<20921) T L4 L I o T PR
Various authors have postulated a relationship between the rate

of crack vropagation per cycle da/dN and the faltigue stress intensity
ronge A K
aa/on = (A )™,
C is & constant snd n varies from 2-4.

» 3 T.H. recommend that the last 0.05 in. of +the fatigue crack should be

s

grown in not less than 50,000 cycles so that one approaches the mathemat-
ically shary crack and ch is not raised to an apvarent Eqc.

5.2 TemPerature and Strain Rate

N 0
Over the range -250°C to +100°C the fracture toughness of annealed

.
- N 1 - cam e 1 3 ( <
il 6”]/;’ plate varied in = smooth manner from 60-80 k.s.i. Klﬂ)g

]

5

showing no ductile-brittle transition and exhibiting toughnesses which

AY

2)

. - - , . - . 2
neke the alloy useful for cryvogenic appilcatlons( . The mechanicsal




iy o -~ 2 . E & :
sronertiles of annealed Ti / Al/4V rod\ ) again exhibit values gt

enic temperatures which are acceptable, but the high temperature

-~

s Yt . O fim . . .
overties deteriorate rapidly over 350 CCFlgo 1)coupled with inferior

=
~

creepd nroperties,

11

Generally the effects of temperature and s+tr
with most high strength steels showing 1little variatb: ion in yield stress

4

brai: From this observation slow speed

T'v
M
b
ol

A~ )
snd toughness with s

toughness tests have been deemed adequate when the strain rate sens itivity

J-

is not greater than that of martensitic steels witl 1 yield strengths of

200 k.s.1i. or more. Investigation of the nlastic flow properties of

Coa)
steelgk */, heve shown that the ey have an influence on the resistance to
crack ntion under plane strain conditions. Vsristions in temperatur

3

and strain rate, which altered the plastic flow oroperties, affected

both strength and toughness.,
To determine the guantitative effects of temperature and strain

L3 b

rate on strength and toughness is a complex task, and necessitates an
assumption of the dependence of plasiic strain upon distance from the

: ; 25)
crack. A liode III elastic plastic solution oy Hult and iCulJntock< 2)

can be used, where the sitrain e, 2 distance r shead of the crack is given
Dy e
e = R k; ¢;..09v00(3)

where R is the plastic zone dismeter, k is the shear yield strength

T

=

and p the shear modulus. In o rising load test such that X is

proportional to the loading time, t, the strain rate e = Ze/t, In the

(26)

University of Illinois wide vlate series, the value of K1C was

-
N

compared with the time rate of increasse of K.c, K, comvuted as Kic/t,.
ie It 7 & 1

i7d

Inereasing loading speed causes a decresse in 1¢, which is tyvpical of

most materials. ‘There is slso a correlstion between K1c and the work

4 . Ty /, /
hardening coef ient, n., Solution treated and aged Ti/6A1/ 4V, however,

aln rate sre complementary,
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shows the onposite effect to Mle queel blg

426) e 4 :
1 ‘ﬁsnow1ng increased

toughness wnd strength with increasing loading time. There was also a

Z\J[

ey " o 6 Ay
constant relationship between X ”1C/n of 0.952 x 10~ p.s.i. (in )
Precracked Charpy specimens tested under static and impact loedings are

also shown in Fig. 11, again showing increased tous ghness under incressed

3 3

strain rate. An explainsgtion of the difference in trend between sieel

(27)

and titanium has been suggested by Beeuwkas,

&
(1)

based on the sensitivity
of the slope of the stress strain curve 6 to changes in tenperafure and
speed of Jozding. For BCC metals the absolute slope of the stress strain
curve tends to remsin constant with varying speed and temperature. Thus
for BCC metals n and Kqic are inversely proportional to the flow stress

Of since n = @/O}, whereas for FCC metals © increases with increase in
speed or temperature. If the incresse in © is stronger than the increase

¥ o

T he oresence of a

in flow stress, then n or K4e would also rise. Thus t
SR 1

non 2CC pdhase in a two phased structure such as in the high strength

titanium alloy, would explain the observed effect,




6. PRACTICAL APPLICA

=
=
=

Fracture toughness has its application in practice in that tests
corried out in the lsboratory can be used for design purposes and slso

as o method of material selection. All material structures contain flaws
wnd thelr vseful lives are controlled by the flaw shape, size and growth

is possible to cslculate a

at s known working stress, or
knowing any two of the above three facts it is vossible to calculate
the third. The most common shepes of flaws encountered in practice are
surfoce flaws, embedded flaws and through the thickness flsws. The
viilue of the critical flsw size for surface and embedded Flaws can be

obtrined from the following:

(5]

A <
3 = 1 Kqc
- — 1 veveeeo.t{a) surface flaw
Q Jerit 1.2717 g

. 2
a = Kic . -
! 1 ceeeve.4(b) embedded flaw

G lerit T g

Py

§ is the gross working stress and Q is a parameter depending on

the shape of the flaw. The relationship between @ and a/ZC for varying

N

/ . - . - / 1 . - . . . -
C&G&s is shown in Fig. 12(a), where a,is the minor and, c the major axis

Knowing two of either Kqg, applied stress or the flaw shape and
sime a/2c, will enable one to calculate the third, though in most cases

the unknown factor and thus one must assume s

a/2c. A value for @ can then be determined from

Flg. 12 (a} and for specific values of G and K1E the value of g crit

can be determined via the above equations or by using a gravhical method.
The relationship between applied stress znd flaw size is shown

schematically in Fig. 12 (b), increasing working stress causing a decrease

in flaw size. On loading a structure to say 0.5 Oys, the critical flaw

-4 1S

and 1if no flaw of size greater than 8opit

depth would be a

crit
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esent, fallure should not occur on loading to this value of stress.

However in practice the large majority of failures occur when a flaw

reows 1o o critical size during service life. Pre-existing flaw sizes

ae can be determined by non destructive techniques and during the service
lif'e crack growth of value (acrit - a, ) can be tolerated before

-

cotastrophice failure,  Sub-criticsl flaw growth occurs mainly by fatigue

and thus 1t is necessary to determine the effect of the stress intensity

K on the crack growth rate. The relationship between the initial siress
intensity varameter K41 and Kig-s K1i/Kﬁé can be used fo estimate how

close operating conditions are to the likelihood of catastrophic failure.

Fis, 12(0) shows the schemstic relationship between the number of cycles

to Tailure snd the ratio Kﬁi/Kjt.




7.  STRENCTHENING MECHANISMS IN METALS

ot

7.1 ZIheoretical Shear Strensth of Metals

e

Higl

)

strength behaviour in ductile metals can only be obtained if
plastic flow is inhibited by barriers that restrict the movement of
dislocations. Ductility ang toughness depend on the behaviour of
dislocavions,and for satisfactory performasnce dislocsztions must move to
he high local siresses that have been shown to occur near
defects such a5 notches. There is thus this seemingly incompatible
relationshin between strength and toughness, where distances beiween

<

barriers must be small for high strength, but where lsrge numbers of

slocations nre needed for high toughness. Before s discussion of the
strensthening mechanisms in metals applied to titanium alloys),
the theoretical yield stress is first - estimated.
o {28) . L o oL .
Frenkel used a sine relationshin to describe the variation of

shenr modulus. Ilore sophisticated calculations yield a yield stress of
}1/307 where s more realistic relationship is assumed for the variation of

stress and disnlacement.
- {2 . . s .
Eriedei( 2) has calculated the effect on dislocations splitting into

partials on 2tical strength of close packed metals splitting
. . % N s
the elsstic 1imit only if the stacking fault energy ¥ L b/ 50

) i
m , where P o= shear modulus,

lowering

[y

Q

rs Vector. Strong splitting (low stacking fault energy) results
in a lowering of the theoretical strength by about 40 per cent. Taking

the above considerations into effect coupled With the fact that (1070) “is
gives g value of the theoretical shear stress for

the probable slip plane g

titanium of about 700 k.s.i.




7.2 Streng thening Mechanisms in Metals

N v evailab] £ 3. .
iethods svalleble for increasing the strength of metals sre shown

below:

(1) he dislocation density (work harden)

(Q) the grain size.

(\3) 301id soluvion hardeni ing.

(A> Disnersion snd Precipitation Hardening

(5) lurtensite formation.

(6) Thermo-iechanical Treatment.

(7) Crder Hardening

(&) Irradiation.

The dominant mechanisms vresent in the titanium slloys being studied
are 50lid solution ~nd disversion hardening. The effect of decreasing

cn the s of commercial A70 alpha titanium, has be

shown by Conred and Jones to obey the Hall - Petch equation

&ys = yield stress

A
I

[ —
D
=
o
*—.
Q
[
-y
H
’_l
C
ot
H
@]
ja
ot
H
0

-
i

32 ; . . T
originally troposed ’ that the grain size effect was

+slated o stress concentrations occurring in piled up groups of dislocations

st erain boundaries. liore rece:

ated to the distrivbution of

sources, whilst durding flow it is related to the mean free path between

comnonent is sensitive %o

f‘(‘\ _!_ -
depends on grain size and dislocation dens ity, P° ne flow stress O

ently has been suggested +hat the effect
il .Ld (=5




. . N I M2 R R DI E 1Y e e v B . R 3
in ol 7o viuanium oneys a4 similsr relsation wita respect to disleocation

W S e ey s kb E
vhere o i constant, p is the shear modulus and b the Burgess Vector,
Ty Tector

T is the o sbtress snd To the shear stress of the annealed materisl

Tale oA ening s 3 - L. I

WO R IGeRing to incresse the yield strength of alpha
. N o5 o3 . e .

tibenium freow 75 - 95 kesod, after 60 per cent deformstion or P/6OA

fowever being undecided.  Recent investigations of the Ti/Al

)

(37-39)

covdlibrivm dizgram’”™ ' 777 hos $till not resolved the comnosition ranse

v . Mmoo ) 3 ST Y " -1 Y
of the shose Iy Al (tﬁg)s though all agree that the phase is long range
1a)
2 e od o - S o D g N P 20, 1 .
QI el e 1o prooapLyr nosS A _1019 spPzCe groupling. Lrossiey Dellieves

that the phese forms by 2 simple precipitation resction but Blackburn
(41)
a0 . . 5

znd Clark et alY” velieve at transformgtion occurs by = classical

believe that Ll = Al

<t
W
.

vhether ol 2 forms in | 6Al/ AV but Fopiano e
occurs in nlloys containing greater than five per cent aluminiwa.
Bleckburn =~ ¢ has recently critici spd Crossley's interpretation of the
Ti/!l equilibrium diagram on the basis of hydrogen contamination of
Crosslev's specimens. Blackburn has shown fthat many of the obscure
ortical wmicrosrarhs in Ti/41 alloys, especially in the range 10-12 per

L A1

cent =luminium, srises due to hydrogen contamination during etching with

TT

st < - R TTRY
COMMon i.e. Kroll's etch (1 per cent A¥, 2 per cent 111\039

. . _ A A Wl ia oz +hi ©ilme
97 ver cent wateg% Specimens were immersed 1n Kroll's etch and thin filns

5 . 3 3 y L by FR, 3 g -
made.  Lomellsr nrecipitates revealed in the microstructure turned out to

be titaniunm hydride obscuring the true structure. Subsequent thin foils
unetched, showed no hydride precipitation.

- . PRI s1love i £ chars rised .gh
Martensite formation in titanium alloys 1s nov characterised by hi
3)

!
e b\ rad
hardness as in steels, but by low strensth , low modulus

-L‘:)




. . . 44)
and hien ‘internal friction ,<'4/
. e [ s 40
one r_;j(-“"i—?d 1N 11 s Ql/ O,LH_ //'Vk ) 9
i )
vegnoonslol  martensite.  The o

fenmersbures over shout 9007C

auencoing Tron
“L At

PR ey e s
Ehe ol lowlny

g(l“$ f% =2 o (occurs rapidly over 40000)@
c{l”'%j’

Therno-nechonicsl trentment (THT) can be used to incresse the
chronstr end tongimess of tetuls due to the retention of the worked
shruchure ~t room temnerature. The metal is firstly worked in the high
Lenperature reglon and then subjected in the work-hardened state to an
21lobropic or shuse bransformation on being cooled.

{(45)

A review b Dunleavy -nd Sprebtnsk’ 577 indicates that the U.S.5.R.

i a brozder research HIOM then the U.S.4. covering low temperature

thermo-necnanicazl

lisntion bemnerature, plus high temperature thermo-mechanical treatment
) - deformation above the rec crystallisation temperature, whereas

3 oo s S ARG B 5 TUTTRT
the U.5.4. has been mainly concern with UDTTHT. Ausforming (bLm“D)

d
v - - 46) . o deformats .
wue sbtudied by Iins and van Zullen in 19 94 where deformation o

J i i

N (!.‘)

‘wstenite in the "bay' of the Time Teuperatvre Transformation curve

ocours before its tronsformation to martensite, resulting in an increase

. 1 n

in strensth oroverties of about 35 per cent over conventionally heat
. 4 S R 4 P e hag
trented steels. The strain induced change of austenite to martensite has
heen used in MWPRIPH steels, whereby suitable modification of composition

. LI 1, 3
ensures the Ms is sround room tempersture on quencning. The sustenite

. 12 3 A7 3+ 9
ig then worked sbove the 1 (lowest temperature at which martensive is

-

. : b o .
prod i ine) I tensi s hard an
produced during working). The strain induced martensite 1s ha

£ A 4 5 et
tough, vield strengths of 300 k.s.i. with elongations of about 25 per

cent being possible in this class of steel.




TMT is not only applicable to steels, having Jeeﬂ applied to

. - ot NE <17 Avae A . G N / - ot
71 alloys, Ni alloys, Al alloys, Cu alloys, as Well as many classes of

stecls, DSoviet investigation of Ti slloys has been mainly HITHT,

rocessing in the beta field primarily incressing 3

and toughness

fel
o
ot

nd HOTT in the field increasing strength, ductility and
Eougsnnes:s.
(1
Coyme ef =1° 7 studied the effect of gorging and heating above the

e iy T A //'Y Y 1 = . . - < -
hebta Lrensus on fl/fﬁl/4f. Good ductility was associszted with a worked

atruc bure, whereas heating sbove the transus produced low elongation

TABLE I. Bffect of Forwing and Hegting
K4

=2,

/ i ol
Beta Transus on Ti/6A1/4V, after Coyne

i FORGING Yield . Reduction

e Tlongation

Reduct tion Strenesth &l 1§“” in Area
¢ ° % %
/ k.s.i. 70

11.0

-t
2
O

O

A
<
=2
™
—
(2
S
Wl

\J1
<

140 9.0 18.0

1150 NONE 133 6.0 9.0

70 140 14.0 42.0

ot

- - ey £
involved atfter forging was solution treatment a

The heat treatinent
0
> L - Ea 3 oy ﬁoo C
nch, ! bv aceing for two hours av | s
9)0003 one hour, water cuench, followed by agelng

. W 10-45 k.g.1.(in)® for alpha-beta
511 cool. Fracture toughness values were 40-4 ( /

=y ot > + T ] ](J was f()UTlO. b(
. - N /o e ~ T 2 p“; In j ored & i e a O OLY /
T O»n {wj~-j’l {J: 81‘(}.'\’3 6\.} 6’) 1’_\- s De }' e \ L > [) =Y dJ =

. e 4
) e 21 OVE i v increasing the
imnrove forcesbility in five titanium zlloys studied, Db ©

: 4 £ At T O 1Tres 'nd_
i : dre TH] rering the forging pressures o
usesble forging temperature range, lowering g

. — - g e 1 e 4*-8.2
. . ) B “omplex shanes were coumplevely
incressing the resistance to cracking. Gomt 2

N ~e R A4 A
NN +. fPoroinge underfilled the dies.

o . - a a-beta forging u

filleqd b:;/" beta forglng, wnereas alnha~ ta L o




g of U.5.3.R. titsni .
QRS ANIEEI NN ¢ e © £l 1Loanium 1 3
L hie mechanical

sropertles shown in Table 2.

TABLE 2

o - e Al ‘!_}'ﬂ)rﬂ":m . 41 i B .
mefect of HITEHT on the llechanical Properties
of Soviet Allovs
e . Reduction Tmpact
Allov Treatment UTS Elongation ﬁ; Are {GLfa‘ gl
k.s.1. % HhArea S Lrengh
%o Kgjcn
e L Y AP ~ Aen©
fl/q,ﬁnl/dwr/ 5.7. 3507C.4Q 163 10 A8 2.8
/ ‘ " ) [ - ' 7t
/1. Tio Aped 5 hours
5009C
TYFACYET r‘/\Oh
HPENT 8507°C,Q 207 10 45 3.2
Aged 5 hours
o)
5007C
e /(.A]_/““ aom Onx n I 4 2 2
Ti/ 6Al/ 3ic0 S5.7. 8807°C.Q 165 15 43 3.6
Aped 2 houTs
590°C
ey o On ~ o 5
;‘l’fTJ"«LT 920 C s (r.;;‘ 1:"8 12 50 3‘o 5
Ased 2 nhours
550°C
A 2 ,’ T / o ~ ) ~ g
i/ 441/ 310/ S.T. 800°C,0Q 167 10 35 4e5
1v Aged 12 hours
O~
4807C
1D 850 C,4 182 10 48 4e5
Aged 12 hours
48000
5.7, = Solution Treatment

Q = Vater Quenche

fag o~ - - o - b * A
Tn 21l cases, HITHT increased the U.T.S. by up to 30 per cenvs with

- S OIS . T OF 4~
1ity and impact values to CODVeﬂtLOﬂal golution treated
- o Ltk L

and nged materiadl.
. o en 3
X dignersion wardened naterial is one where a fine second phase 18
. . . S 4 \ n
distributed in 2 metal maltrli, forming an slloy which 1S stronger tha

. o I i
the metal matzix. I the second phase is solube in the natrix, increasing

phase pecoming unstable snd also

temperature will 1ead Lo the secont




conpner with increasing time and ﬁemﬁérétare;
The mechanism of dispersion hardening has - _ ,
A i persion hardening has received considerable
Piontion in recent vears ang (48-52)
atbention 11 recent years ana a number of models™™ =/ have been proposed

4

tn nccount for the observed increase in strength. Of the theories

rroposed, the Orowan '/ equation has been verified for a number of alloy
svatens, the vield siress Gvs heine eiven by a /~
BYD LS SR A ress Oys being given by Oys = Tm + 2T/b

B My o - o o N TP SO o Fal N

vhere Tm 1g wuie Saear sirengen Ol the matrix

A is ‘the interparticle spacing.

Vore refined versions of the basic Orowan eoustion have seen
cormuloted toking into account of a more refined value of the line tension.

ost of the eduations predict that the vield stress 1is a function of

L. A . L/ o
particle spacing wnd/or volume fraction of second phase e.&e

2
9]
|
A
=’
R
fe}
?5
\
[©)
foct
o]
b
jor
&
=]
[)
ot

(51)

where Py is the shesr modulus of the matrix

+he shesr modulus of the particle

}1p 13

T is the shear yield stress

Xs is the energy per unit area of the sheared
narticle natrix interface

X p is the energy per unit ares of a plane within the

harticle, which fas been disordered by the shear process.

4 a : < Laat ; 1 O A
The hardening produced DY gispersed atomic S17€ defects is known as
. ) 4 +3 3
s01id solution strengthening, +he most cominoil defects being suastmtuulonaln

. . p 33 4.4
snd interstitial stoms. Hordening will result whenever a dislocavion

interacts with an irregul arity in the lattice, the various types oi

intera T seapd og elastic electrical or chemical. The yield
raction being classed a3 a 5

—42-




reeneoth of an alloy can be s P . -
strength v seen to be number of

1nberoonnecting narameters which conarwbutp +p tge 1pcﬁpdge@ strencth
< gth-

i TMhe simnlest metl £ oyt 1 . .
ening. The simnlest method of comparing the factors listed previously

is bo add thelr effects arithmetically, i.e.
Eores ; 50114
Gys = CE_-%’{;aOllu olution hardeniy .fworf hardening + afgmain

cime © +ﬂfpreoipitation or disoversion hardening +;{Hg_be site + _(thermo
nech:micnl treatwent +»{order hardening.

For the 11/5é“/4V 2lloy the main contributors to the increase in
Fiold strength of pure titanium from 25 kes.i. to 160 k.s.i. arei=-
(») interstitial solution hardening. Increase in yleld stress

. . , *
from 25 X.o,i. to about 82 k.s.i. for =n oxygen equivalent of 0.22

weisht nercent giving a value of dT/dc of about O.13P.

‘onal solution hardening by aluminium and

N
o2

~—
03]
lox
0n
ot
=
ct
o
ot
Fl

venadinm which railses the streng ~th to about 122 k.s.i. for the anneale

~lloy giving a value of aT/dc of about P/1000

4

stress by about 40 k.s.d1.

joN

(¢c) Teat treatment raises the yiel

to ~bout 160 k.s.i. by solubtion treatment and ageinge.

(ﬁ) Therao mechanical treatment can raise the yield strength
of the alloy by about 25 k.s.l.

that the interstitials contribute greatly to the
alloy but oxygen, nitrogen and carbon have a

Getrimental effect on toughness (Fig. 15) and are not used deliberately

in commercial alloys to achieve increased strength.

* y . P
Oxygen equivalent = o2 + ok ‘a2 + 3/% L




titanium with other elements can be conveniently

divided =s followss
/1> Elenents forming ¢ s o . ‘ N
\ aments ning continuous solid solutions with eifher
Ll o] nha v ada T danda ‘ )
the alpha, on beta tliatiun Y, Wb, Hf, Zr, MHo.
/r\) ™ ementae Fariad . . q =
(2) ZElements forning limited solubility with alpha or bets
i tania . e, Al. S PR
0L CAarnianm, J.Lﬂ, fe, Al, un“; Bg C, 5, 02‘
Consoouently three main types of phase diagrams ocour. Fig. 13 (a)
-~ N
represenss = byvical binary disgram for an alpha stabilised ~ailoy , the
Lddition of »lloying element (41, €, Hp, Oy) raising the temperature over
ohich the nlnha phase is steble. The beta isomorphous diagram Fig. 13 (v)

contains elements to the above (Eo, vV, Ta, W)
these elements dissolving preferentially in the beta ohase and lowering
e bets bromsus temperature. The compound forming elements {Fe, Cr, Co,
Cu, im, Ni ond Si) vroduce a phase diagram known as the beta eutectoid
licgram fig. 13 (c). 1In this system, the addition of alloying element
stobilises the beta rhase, but under equilibrium conditions the beta phase

deconvoses eutectoidslly to form alpha

a
LO

Commercisl ovs however, do not usuval

and en intermetallic compound.

1y contain suffici ient quantities

cterised by theilr insignificant

snd their similar solubilities in

ol

sified with respect to thelr

beta alloys, depending on the

on the lecha anical Properties

of these sllove to form compounds.

Sn and Zr are elements which are ct
eifect on the beta transus temperature
either alvhe or beta titanium.

Titanium slloys are generally clas
microstructure, as alpha, alpha-beta oT
Mases present,

8.1 Bifect of Common Impurity Elements
of Pure Titaniun.

elements found

The common impurity

—

and which nroduce considerable

i

O}Cygen 5

in titaniwm, are carbon, nitrogen
improvenent in strength, even 1n



&

emperature

T

narature

Temyp
py
yd

B

Compound

Temperature

T~

1 Ty X
MATN 97 rrs

PRE TITAVIU

AN BTETS

w




embrittlenent,

1 smounts, bub 1f present in large gquant
- d stress of sbout 25 and s tensile stress
ineering

il

itanium h yield
but in this form has little use as an e

2, basis from which to determine. the strength-

Hure

of bout A0 Ko8olay
aaberinl, though 1t scts as
ening effects of «1loving elements,
finlay and Snyde r(53> and Jaffee et a1(54) studied the effects of
controlled smounts of 02, C and Hp on iodide titanium. The work of
T.ffee cen be used to illustrate the effects as shown in Fig. 14. The
strengthening effect of nitrogen znd cxygen, and to a lesser exten
on high purity titsnium is seen to De very iarge. An oxygen
nses the yield stress from 27 k.s.i. to
Blongstion values for a similar
4+

21D 0N,
content of 0.15 per cent incre:
i. or = factor of x 2
are 40 ner cent (on 1 in ) at 0.01 per cent oxygen 1O
ions also increase

i h) “ E
54 Kes.l.

asbout

®
2

oxveen conten
27 wer cent for 0.15
the vield and ultimate values (Fig. 14) thou,
svceed 0.02 per cent in T /0a]/AJ snd therefore the effect is 1
imilarly carbon compositions rarely exceed 0.04 cent. Recent alloys
cdeveloped ot rork University by Margolin and Fa rrqr(55) using a
bise alloy of Ti/6ﬁi 7/2Sqw, have produced higher yield strengths and
ductilities in the rance 100-240 k.s.l. and useable ductilities in the
renge 240-260 k.s.i. Carbon sdditions (up to 0.15 per cent) were found
to incresse the strength levels without markedly affecting the ductilities
nd ﬂjcrogen> st strength levels sbove 200 k.s.i. Additions
strength level in the base
levels) in the

’ .
(unlike oxygen

N

{0.02

erature

are St
{

{ A

proposed &

temper
Flelscher 36) has
severity of hardening
the rate of change of sheal stress
distinguish between solutes that

7+ were used to increase th
ner cent OXygell

By plotting sheardstress
ra tion aT

Toom

sronerties aschieved at

Oi 4’—1\@7 CU \4[‘(1
1loy, couvled with high purivy
hisher strength alloys. The best bar

own in Table 3.
3 Fal . &)
convenlienc method for comparing the
YIELD
against oncentration,
used to

/dc be

wi th oon(*enu
us ranid hardening

2l vers

nroduce gra aus
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Substitution&l atoms in a

e ~hduad har

OPOAUCe ¢

id

an

lening

nherdening,
b

luminivm, copper, iron m chloride

of the order of p/10 t/ F/TOO per unit concen-

on the other hand, of the order 2 to F per unit

pration.
N P T S T . R N .
oneantration, vas found in quenchned ; v radi  ATBDET £ ;
concantni y U sluminium, irradisted copper and in
. » N b B AN 47 4T ~ - - . . .
1ron-corbon ol LOys. 411 the latter produce asywietrical distortions in
£he parent lottice, e.g. carbon atoms in ferrite lie in sites along cube
ed e of +the unit cell, producing = large expansion slong that direction
nd o slight contraction normal to it, resulting in a tetragonal distortion
of lorse magnitude.
ion of Mleischer!s narameter to the effect of the interstitial
2 3 4 Fa) £ (54) L7 . 41 4
Ltoms on titaniuwn using the results ol Jeffee , show that the mOST
ranid herdening OCCULS with nitrogen P/S followed by oxvven‘p/ 4 and
carbon p/BO,
The effect of
it oniun eonbaining interstitizls 1s ge
al
T o 2 ~ron (58/ .|
s the grestest cet in lowering TOUgNNeEsSs followed by oxygen and
. (59).
cornon T
o A . ey . N Al e A YT T oo £
8.2 Tffect of Alloying Elements on the Mechanical Froperties OF
Pure 11
. hi T sy 4+t and N~
Mhe room temperature mechanicel properties of high purity titsniom
(60)
q - : 2 en N e =34 P N ncreasing
Sluminiun ":i.l_loyfﬁ snowrn 1il F_x_én 160 a8l ter 050.@11 av ,Vlo Iﬂc;.ek;,olng;
- . 1 - - P nw‘ i 2 f . I\
Tuminium content cruses the strength to increase from a proof stress of
28 k.s.i. at O s bo 70 k.s.i. at 6 per cent sluminiwn
. = FAPN
- Tus P/qooo. Ductility parameters remaln feirly
e /1
. . ini slu per n
sood with 40 per cent reduction in area snd o mininum value of 20 per cent
The meximum aluminium content is

to embrittlement at sbout 910 C.

restriched to about § per cent due
. - A N K 4 Lop
Alvminiwn reduces the density and increases the modulus of elasticity of
lr(_‘\
2 iy (59
1 . 1 & - A {-‘ - 1 1 a "e " /
titanium by about 200,000 1b/in for each per cent oI aluwninium added
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s Smnact eneTos £ . s I : 5
Mhe impach energy of & Ti/2.5 per Oeﬁ+ Alf@lloj( 1) at room

erature was found to be 44 £t. 1b. and for a 5 per cent ALl slloy

34 ft. lb. o ductile to brittle transition occurred snd the impact energy
voried only slightly with temperature over the range -200°C to +15OOC¢
Commercial titonium hisd en lmpact resistance of sbout 15

t. 1b. at room

temoerature,  Binary «lloys of titanium znd vanadium have been studied by

(62)

Hnon snd Troiuno, Pig. 17. It can be seen that up to 7.5 per cent

.\

vanadium o line r velstlon oceur between percentage vansdium zddition and

incresse in btensile strength, the value of oT/dc again being 2bout P/?OOOE
Tha vonadivn =dditions dissolve in the bets vhase, lowering the bets

freansue Torring complete solid solutions with fitanium. The ductility

falls off ryanidly with vanadium contents greater than 5 per cent, increasing

aonin up to about 12 per cent where s rapid fall occurs due probably to the

(S a IS - v

ormation of the omega mnsse.
The effect of composibion on the mechanical properties of tliaﬂ“um/
\
e b ol ) h! 4 Fals a) o in ~n o R <63/I%{‘
molybdenum =zlloys guenched 1Tom toe bela field are shown in Fig. 18.
There is a ranid incresse in tensile properties with additions of up to

five ver cent molvbdenum and a minimum in vield strength occurring at about

7 ver cent. The ta phase 1is completely retained at sbout 12 per cent

molybdenun, which gives the best corbination of strength and ductility.

Wotch toughness ss measured in the impact test is o maximum at the same

- N . o~ oL 4 . - ER)
21lov content. As the molybdenu content of the beta phase 1ncTreases, tne

Frtw)

. N - 3 o matlon o
stress required to initiate the beta to martensite transformation also

increnses 1ntil it finally becomes greater than the shear stress for slip.
The effect of zirconium on the tens ile properties of titan1um/z1roon1um
(64 - . a5t . 3
21love is shown in Fig. 19° ‘), Several heat treated conditions are SNOWH,

143 : . .. .. . LR B RESIE N S s .
with the strength parameters increasing 11 511l conditions with increase 1n

zivconium content. Specimens quenched from the beta field prodauce a

results of C.M. Craighead, G.A. Lenning and R.T. Jaffee,
5, 1956, 8, 923-931
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mortensitic structure, whereas furnace cooling results in alpha platelets

in o Widmsnstotten pattern. 4 large divergence in tensile properties exists

i 2

between specimens quenched from the bets field and those furnace cooled

{

- The difference probably arises from the presence of

o

fron the heta fiel

a weak slpha slatelet vnase with o lower than avergge zirconium content,
AT £ 4 Fal L. o T : - " = 3 4% 3 T /\( 4)
A compurison ol the efiects of zirconium and sgluminium is shovn in Fig,20:

-

ey cre equally effective on an atomic per cent basis but sluminium is
more effective at a given welght percentage.

Tit@nium/copper alloys containing uv to 17 weicht percent copper are
representative of an active eutectoid system, the beta phase not being

-~ 4

retained on quenching. The transformation which occurs is governed by the

e

alloy composition =nd by the method of cooling. Considerable variations
in wnical properties may be obtained ss a result of the transformstion.

()

Conper additions provide effective solid solution hardening of the alpha

se but sre limited to less

nen two per cent by weight of copver. The

‘
strength of murtensitic hypo-eutectoid alloys increase almost linearly with

i L Fal A

copper content at a rate of about 14 k.s.i. for each one ver cent by weight

I copner addition.

4

o)

Additions of silicon to titenium alloys improve both the strength and

L

creep properties, incressed creep properties also being observed in the

presence of zirconium which vrobably affects the composition and nature of

Ny
ik

3
.

4]

2cipitate.  The solubility of silicon in titanium is less
nan one per cent by weight at room tempersture and only one per cent by

. , . 0
weleht at the eutectoid temperature (860 C). In the range 0-2 per ceunt

silicon the hsrdness increases linearly with silicon content for specimens

ot

5
4

quenched elther below or close to the eutectoid temperature. Quenching

B

from sbove the eutectoid temperature gives a higher hardness, the beta

solid solution on quenchine transforming to acicular alpha.
L [




TOUGHNESS AND MECHANICAL PROPERTIES

WITH HEAT TREADRN

4.

Considerable benefit can be sachieved in strength properties by heat

bing titonium alloys. The efflect of solution treatment and ageing on

of 7i/681/47 has been investigated by several

o o

A o . (43) : :

the results of Shermsn and Kessler are shown in
Pig, 21, indicating the effect of solution treatmen t temperature on the
P Y s O GT T o0 i e -1 } 7 rn‘"o m T 3 7 i '[,3 atro at a7 1
tensile oropervles ol vne clloy. The wminimum in yiela stirery 57 Arouna
PPN ¢ N N A v e U e L 5 LA s PO S T
15507F (645 0, occurs at o vanadium contvent of about 15 ver cent, wnicn 1is

retention of

beta occurs to martensite

ot Lhis temperature, the low yield stress and high ductility being

incre s
48 the beba trousus is approached the ductility parameters suff
drastically being o minimum ot the transus.

Guenching the alloy Crom 17509? (95500) after various delay times in
ted in precipitation of alpha and little chsnge in tensile
strength would occur, until the beta phase reached the proper composition

for formation of sensite by deformation. The beheviour is similar to

that of Fig. 21(a) but the abscissa being the delsgy time parameter.
Fig. 21(b) shows the effect of various sgeing treatments on the tensile
properties of solution treated snecimens. Ageing a sample water quenched
~ = A Qe (,_,AO\ £ ocnon e th
irom 15507F (8457°C) 9OO F (u8) ¢) for twenty four hours increased th

yield strength from 104 k.s.i. to 155 k.s.i. Water quenching from

O - : ©

1750°% (955°C) and ageingas 900°F (485 C) for twenty four hours resulied
in an increase in yield stress from 148 to 165 k.s.i. In the sllov

o O . ; o
quenched and aged from 1550 F (845 C) maxinum strencth occurred after

i
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an hour and overageing commenced immediately, the overaged strength after

forty-eight hours being only slightly below maximum strength.

o

~~
L

S N 1 : : . y
ts in Table 4 indicate that higher strengths can be

o)
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=
@
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o0
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schieved when a high ceatment tempersture is used, due to the

- S Loy oy T Y'Y Tt o 20) 4= b 5 3 3
foct that more betn with a greater capacity for hardening is present. The

sing the yileld strength of titsniunm alloys has a

g SN £ L e
effoct of incre:

corresnonding sdverse effect on toushness.

T

TABLE 4
b A e

1 Yield Reduction
Time o SHCuLo Elongation
' Stress in Ares, P
(fl_i_n,, / v ) AN 5,:‘)
(i\_.ug]-/ (:10) /
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N (57)
AFTER LARGOLIN AND NIRISENOT/

Standard heat trestments as described by the work of Sherman and
. -0 - . .
tegslert 777 oroduce eculaxed microstructures, but transformed beta structures
with an ncilcular alvha phese can be produced by solution treating above the
‘he change in grain shape has o pronounced effect on the ductility of

O 3 3
s11loy (1) annezled at 725 C and quenched,

O, - . O
furnace cocled to 800°C, and furnace cooled to 725°C
and cuenched, being used to illustra fect of trensformed beta on

43
e




Effect of Eouiaxed and Transformed Microgtructures on the

(63)

HMechanical Proverties of a 11/& 7 Mo Alloy

Bouiaxed ol Coasrse & vlates
N ., Grains in in B Hatrix
FTOnerTy . BT ( I S
~~~~~~~~ CTix transformstion structure)
kes.i. K.s.d,
0.2 Yield Strength 63 42
Tengile Strength 77 72
. I ol La
Reduction in Ares 5% 71 54
. n 4
Blongation Yo 41 23
Both yield strength w:nd ductility values are inferior in the transformed
(68)
structure, Similsr results were found in Ti-in alloys * with the ductility

aneters again being inferior to the ecuiaxed condition especially reduction

values wiich were about half those of the equisxed structures. Holden

found that impact values of acicular Ti-Mn alloys tended to be higher
than those of the equiaxed alpha condition.

"7 have investigated the effect of the size

,_,
=
=
o
=y
o
w
CL
O
)
@
]

Goldensted
of wcicular alpha on the tensile snd ductility parameters of a Ti/4Cr/2Mo
nlloy.  Different sizes of alvha vlatelets were produced by quenching from
the beta field to various temperatures in ihe alvha-beta field, and after

transformation, the same 2lloy contents of bebts asnd amounts of alpha

isothe

B . PN : . . .
were established by equilibrating at 650°C. By beat treating in this manner
Goldenstein snd Rostoker were able to vary the size of the alpha platelets

thOugh no messurement of inter vlatelet spacing was made. Increasing fineness

4

of the alpha platelets resulted in a linear increase in strength from about

L

A . . . o) . . :
90 k.s.i. yield strength by amnesling at 750°C to aboubt 115 k.s.i. by annesling

Similsr effects were found when the ductility parameters were

investigated, though of the cpposite effect to the strength parameters. The

effect of original beta grain size on the mechanical nroperties, had little



effect on the strenfth parameters, but reduced room tempersture ductility,
o

ntfecting reduction in area to a greater extent than elongation. Impact

nlues vere unaffected by original bets grain size below o size of 2.
v J ) &

millimetre,
The effect of grain shase on fracture toushness has not been investigated

to y grest extent. Iracture strengths of sn alvha-beta titanium alloy

were found

0 be lower

o .

for Widmanstatten alpha snd grein boundary alphs

- (70)

structures, than for equiaxed structures. '

cr

The effect of fracture toughness on equisxed and scicular Ti/ﬂ13n/
' AT ,’/\T" / ~ L T . bl s, RN Ao Lo 1 i R S €L (71) m . R
. cj;n]._/ 4o/ Ue X021 nas been inves vigatet by Fentliman ev al. LNnelr resSuilts,

Fig. 22, indicazte that for the sbove

o
—J

Loy the acicular structure had g

om B L TP, Py
grentel touginness

equisxed structure for sitrensths up to 180 k.s.i.

Lo

The results are nlotted as Ky or Kqc by the authors, no details of specimen

: . : . 5 . . / ior 72
the dintroduction of a platelet alvha into g T1/6A1/4‘ alloy<' )

T,

toughness of the alloy by 40 per cent with only a 5 per cent

in strength properties, though no ductility values were quoted.
i) i & b2 £ 4

alpha was obtained by an initial slow cool from above the bets

crensus, folloved by a resolubion snnesl Just below the beta transus. Bets

S . ¢ Qe 7 o o]
cinealiing was carried out at 1840°F (1005 C) for half an hour followed by

~0

o =m0, ., : N}
g at about 50°F (10°C) ver hour to 1200°F (650

furnisce coolin ¢) and air
cooling to room temperature. Solution treatment then followed st 17500F
(955JC) for half an hour, water quenching and ageing at 100077 (54000) for
Lot hours.  The effect of varying the furnace cooling rate on strength and
toughness over the range 40-55 F (5«1300) per hour were negligible, though
the faster the cooling rate the thinner and longer were the alpha plates.

Ko details of interparticle spacing were given, though air cooling after
solution treatment resulted in s coarser al

ha than by wgter quenching with

ks
4
&

the inter platelet spacing being relatively unchanged.

~50.
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Some materisls show:an anisotropy of toughness with respect to
divection of rolling or forging. Fracture toughness variations between
Longitudinal snd transverse directions have been studied in aluminium alloys,
titonium alloys nnd meraging steels. For Ti/5A1/2=53ﬂ~ values of KT& varied
iﬁ aluminium alloys

from 46-T74 k.s.i.(in)~ for the E.L.I. grade.

b

-

varistions in Kijc ranged from 26 k.s.i.(in)® for the longitudinagl direction

v ) (74
Lo 36 k.s,l,kln}“ for the transverse Sn901mens.(") F

kS

or maraging steels

;
typical values of Kqc in the longitudinal direction are 60-73 k.s.i.(in)%

“a

- o o (s Ne . . . .
b 08-78 kes.i.{(in)* in the transverse direction. It seems important

H ‘,“fl‘ Lo

-4 L

therefore that when quoting fracture toughness values one should zlso quote

il

the direction of testing, unless it has been shown dreviously that little

ristion of fracture toughness with orientation occurs in the alloy.

ki

oA



10, LCOROLECHANTISKS OF FRACTURE

dvd.

The fracture surfaces of metals ang alloys exhibit markings snd a

topography which are characteristic of the modes of fracture operating

the initistion and provagation of a3 crack. Cleavage which is the

Ehate)

£

senaration of & crystal along cerisin crystallosraphic planes shows stens

between different nlanes forming a

‘ fracture. The river lines tend to run together, giving the local
direction of crack rronagation, either csncellin ng each other out or
produeing a lorge cleavage sten.

10,1 Ductile Fracture of Two Phase Materials

Ductile fracture micromechanisms in high strength alloys (Oys > 3/156),

g occurs by microvoid initiation, and fractures classified as brittle on s
meero scale sre often ductile on a microscale. Iicrovoids are formed in
engineering materials by one of two nrocasses :-

(i) decohesion or fracture of interface between mstrix

and second phuse particle.

P
[=5
-

p—

Practure of narticle.
1

The voids then grow under an applied stress and final fracture ensures

when s large number of voids cozlesce. Seemingly brittle fractures can occur

in thick sections where a crack ig iresent, due to triaxial stress conditions,

where plastic flow is concentrated in a small volume of material close to

For many high strength aluminiwn, steel and titanium alloys,

<

)
]
H
Q
o
o

vestigation of the fractured surfaces has shown the characteristic

dimples' of micro-void coalescence. This type of

5)

t fracture occurrence was

—~
—J

originelly observed by Crusssrd et al, whilst studying the effect of

tenperature on the impact behaviour of mild steel specimens,

The voids are usually formed by the decohesion or fracture of second

(76-79)

sheses (nrecipitates or inclusions) in the matrix. Various authors

oaded specimens

=

to a point just short of fracture and then examined them

(2
A ~ . * b} T o 4 1—(76) Fa e £ ) s 4 L]
meual¢ographlcal¢y, Puttick © found in tough pitch high conductivit




hat voids formed both at matrix-particle interface and

{
the inclusions, whilst Rogersk77) found that voids formed at

ies, with the voids being concentrsted in neavy slip bands.

’

© Found that voids form at silica particles 504 in dismeter

N
—J
Co
g
-
]

have considered the case of elastic stresses

article interface, under the influence of ar

tiie elastic stored eriergy in the particle, %o the work of

ot
jon
5

Jroducing a icle size crack and found

at the apnlied stress O’required

ig piven bye
- o tnanns
A
L
1 15 the E is Young's modulus,

NeCaas Tyvical cross sections of tensile specimens

J

Srior ok

in the necked region where the strain and

nicro-void cozlescence was well advanced, Since

oSt voids oceur by nlastic deformation, voids

on nlanes of maximum
grow quickly. Under olane stress conditions the maximum

. o) .
occurs on planes making an angle of 457 with both the

4
3

in the case of plane strsin
shiie olones of maximunm shesr stress sre perpendicular to the sheet surface

(13,80 - .
. vnder vlane stress

-

the crack (Fig., 23

- . o ;
conditions void coslescence occurs on vlines at sbout 45 to the sheet

surface =nd “ervendicular *o the surface under plane strziﬂ(?iga 23(0))0

®
ck
]

7 o N oA . ~ e o o .y -~ - Ao Teq
- The latter case the Saear stresses are smaller and may contribui

Tymmd Ao ) . T LV O B P PEvS 3T Ass 4 o : <o
PTittle fractures where slip cannot occur easily due o low Shear stresses,
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2. STRESS CONDITION (DIAGRAMMATICALLY)
(CLOSE 1O YHE CRACK T:P_By 1S IN THE LONGITUDIKAL DIRECTION)

<

AND SQUARE FRACTURES AS A I

PLANC/
OF CRACK

AT THC CRACK TiP
/

HiNGE - TYPE
CZFORMATION

ST

/
| LARGEST voIDs
IN THIS PLANE
(ALSO PLANE OF
MAXIMUM vOID
DENSITY)

MICRO - VOID FORMATION ON PLANES OF MOST EXTENSIVE SUIF AND
CRACK GROWTH [N PLANES OF LARGEST ¥CiD CONCENTRATION.

RESULT OF 174

OF STRESS, AFTER BROEK

80
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Plenes of weskness perpendicular to the: erack direction, such as wesk

t

nberfaces and laminations, have been found to decrease the ease of crack
{a6)
N 4

/
1
Coolt mAa Gordon‘87) co

nsidered three situations that could

iace of surface onerey X occurred in a matrix of enerov
4 s - A G

~
(
3
N
1-
=

5

14 a weak

will also affect the strain to fracture. A

phase will have less effect if it is

Srrmeriond
sonericnl,

aclcular form. A typical example would be the

entectic sond cast alloy can solidif fy with brittle

<

rostructure amd consequently has low ductility. This can be

casting to produce dendrites of aluminium solid solution

itic structure

4

“hecozlescence of voids 4o {orm an initisl crack occurs
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‘ has shown that under
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n curve ohevs

- s o] 7 o 1 m g s A
e Co over a reglon of size lg, The eguation shows that the ductility
(i¢ SRS
/
(1)
(2)
Ny
(3)
P TP o e . .
10,2 “fTect of wmlcrostructure on fracture Toughness
T the laroer and 4 P A S 3 . + a
In pEossniger aha deeper the dimples formed on fracture surfzces,
+

he bottom of dimples and one would exnect some

on

o relationshin between she distribution of particles and the ductility
£

(78)

ororecuction in area.  Such g relationship has been formilated by Plateau

smount of exnerinentsl dats £i- he theoreticgl
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ed upon a critical

- - -

two phused alloy, to induce total

tip 2Ve may be calculated frome

2Vc = 8 0ys ¢ 1n sec B (5)
&
Ors = vield stress {uniexial)

C = initisl crack length

&
i

= Young's modulus
o




Goodier and Field‘”
ooening 2V at g stanc
( 3)

and Rosenfield

/

have also developed

hod of calculating the

L
734

x from the crack tin, within the plastic zone,

have also formulated 5 criterion of fracture for

nnterisl based upon the crack tip displascement. Th ey have shown
.,\'I‘_
itical 4 27¢  can be related o fracture toughness Ke by«
. * \“’}.‘ N
fo = (2Ve Oys B)E ........ (6)
. ) R . i
. knowing 2Ve , values of 2Ve can be calculated snd compared with 2Ve |
to deternine if fracture will oceur in g brittle manner {i.e. 2Vc > 2vc Js
- *\
or vhether the crack will be s ested (2Vc < 2Ve Je
r‘.{"l_(\;‘"]) 7. 3 i h! <+ el 3,

Kpoi'ft has obtained 2 correlation vetween Xyc and the work hardenine

coafficient, n, viag s materiagl constant, d47:
1
Kie = Bn (21 am)? ........ (7)

Eqc incresses 1i inearly with the square root of dT; the "process zonet
size, Tensile Tupture is thought to occur in small elemental fracture cells
loving »long the cracic tront and when loading in tension e maximum Josd
Doint oceurs when the strain reaches the value of the worl hardening
coefficient, n,

subsecuent erowth
Jrocess zone ligaments,
content, was due to the
Drocess zone size being
inclusions,

Kraffttg relationship between ch and n has been verified by & number
of Huthors,<91—93> The result of Birkle et al()g) on a Nj/Cr/mo steel
conteining varying sulphur levels are shown in Table 6, Good correlation
exists between the distance between the second phase sulphide inclusions angd

e crack growth process in these ste cels

inclusions and
nstability in the
sulphur

in average inclusion low

reduction spacing,

formed on account of the higher density of sulphide

Lo



Correlation hetween Process Zone Size and

Averace Inclusion Soacing

o N 1 5 Aversg rack Tir
. Sulphur Kig Ksi (in)% Process ave age Cgac ip
Sheel % L1g b8l (in, Zone inclusion | Displacement
P Spacing d (2Ve), m
S
A 0.008 65.3 5.7 6.1 8.1
~ - 7
E 0.016 55.6 4.1 5.4 5.7
C 0. 025 21.0 3.5 Lol 4e9
D 0,049 42,8 2.4 3.7 3.5
A 2 b 2, - : L | s ) 5 (Q"/’LE
4480 Inciuced sre values of the crack tip displacement as calculated” ™/
IS L by ST £ 1(13) 4
Lrom the Hahn and Rosenfield equation for plane strain conditions,

tip displacenent is extremely good. Wells and Cottrell have postulated a
relationship between the length of s local instability region, Ps and the
theoretical crack +tip displacement 2Ve. In the relationship a critical
straln energy value is exceeded, and in this case the av erage inclusion
8pocing is associated with the crack jump distance ps. Wells found a relation-

ship between 2Ve, Ps and the fracture strain; € ZVC/PS e )and therefore

’—\ft, x

N
N

d, with € = 0,67, which is a3 reasonable agreement,
(95)

lacro-voids foried 3in mediunm and high strength st eels, have been compared

with the calculated crack tip displacement, the void sigze decreasing as the

o f . . .
nq/C&s ratio decreased. Reasonable agreement was again achieved between
) ) - k3 (89) 33 3 3
tneory and Hractice, Gerberich® has us the displacement criterion to

advancing crack, in a composite of tungsten wire

[=]

3 e -
“escrive the nrogress of a
-.L

in a 2 ver cent Be-Cu mabrix. At some distance ahead of the crack tip a

e brittie tungsten

»—\-»

2

critical displacement is atta

].J .

ned, which would fracture %

A

wire, The displacement at the main crack front is given by equation 5, the



displacement 2Ves to fracture the second Phase being smaller than the
de

displacement, 2Vem, to fracture the tough matrix, At some distance x away

from the %ip, 2Vex would be equal to 2Ves and the second phase would fracture,

Gerbarich and Baker' ™/ applied the above principle to alloy Ti/éAL/477

ution freated and aged msterial was compared with an acicular

BN

structure on the basis of plane strain fracture toughness. The acicular

microstruciure was mroduced by a slow cool from sbove the beta transus,

o : S : .y 0 .
followed by solution trestment in the alpha bets field at 950°C ang ageing

< .

o rt

at 510°C, Table 7.

Sffect of Platelet Alvha on Mechaniosl
I

P T2

Properties of Ti/641/av! )
0.2% Yield 7.7 1
‘ Us'leDe - N 7 =
Strength - Kig kKesoi. (in)=

S k.s.i. 1€ ‘
k.s,1.

Saulsxed alpha 160 186 43.3

~

the platelet slpha was found to act as a crack arrestor, fractographs
showing large dimples characteristic of a tough fracture. 4pplication of
the crack tip displacement criterion showed that cracking would not occur

in the zlvha platelets; but would be expected to be arrested or turned into

an aglternative crack direction,

96)

O

Hdaimn and Rosenfield® have developed an equation relating Kig to the

ensile properties of a metal. They proposed that:

, 24k
Kiec ® ( 2/3 ECys € n°)% ........ (8)

€ = true strain for coalescent of voids and is proportional

to & tensile,



work hardening coefficient, n again enters into a relationshi ip
Kqc 2nd various barameters, due to its effect on the size and shape
Loy SN Tr n AT v e 1(96) . .
flastic zone, Hahn and Rosenfield Tound that the plastic zone
. B T 4 - "‘l -+ ,2 (™ . .
was nronontional to n” for aluminium, steel ang titanium alloys,

£ neasured Kqe 5t those calculated from equation 8, agreed

30 per cent for the above alloys,

. 97,98)
colin and co~voxker?( have investigated the effects of varying

5

S S EN s \ .
the ricrosiructursl ha and beta), inter-

such as grain size (alp

Be Flots of fracture stress converted for necking Ofcorr against

55
4~ and X “, showed a linear rels

alpha particle size and

and chorr was iound; where D is the beta grzin diameter, A1so, for the
equiaxed microstructur ce, & blot of fracture toughness, (KQ va,lues)sr against
s shoved that toughness increased linearly with the grain boundary area
per unit volume,
In the alloys with s Widnanstatten alpha, samples with the thickest grain

boundary alvha had the greatest fracture toughness, The increment of fracture

toughness due to grain boundary zlpha, against the measured grain boundary
- AR S . 4 = - T S [P TN Fag 4-
cipng thickness, 1, is shown in Fig, 24. o improvement in fracture

boughness occurred when 1 was less than 2.6 P and no further improvement

- R S -7 [y
occurred when 1 was greater than 5.3}L

10.2  Theoretical Asvects
“he inhomogencous distribution of dislocations piled up against
obstacles such as grain boundaries, inclusions or vrecipitated DParticles,

; (100)
brovides the means whereby microcracks can be initiated. Stroh

considering the formation of a crack, used the component of the stress normal

1

to the plane of the crack neglecting the local shear stresses. The locs
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FIG. 24
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stress must approsch the true fracture Strégsf(abgut.ﬁfio

s B = Young's

Viodulus), and crack formation 1

£

accompanied by s decresse in energy of
the system. By directly summing the stregses due to individusl dislocations
of i slip plane (Fig, 25), Stroh was able to calculate the normsl stress O

cross the plane OF at o distance » from the hesd of the pile up,

vherae the slocations oceuoy 4 length L in the slinp plane, Op is the
resol shear stress =long the slip p plane, and £(6) depends on the

orientztion of 0P, Stroh then compared O with Griffithts aporoacn, to find
she condition for » crack of length v to form with a decrease in energy,

assuming that crack formastion in g non-uniform tensile fielg equals

formation in the Dresence of a unif

;
3 OpfL\E 16 |”
o IR O e S
2 r et - v) r

po= shear nodulus, ¥ = surface energy per unit area, v = Poissonis Ratio,

e [Ty, T
3

AL -7 | fZ‘é)‘

Differentistion of the above with respect to £(6), (f (&) = sin 6

A
n

. . . . 0
COSH 2) snows that nucleation is favoured at 8 = 70.5 when:

12331 =

Op = | __ —
Tl - v)L

Stroh in his derivstion used the original Griffith approach, whereas g
corrected version replaced the 16 by an 8. He azlso sssumed that the normsl

Stress slong OP was uniform, whereas subsequent modifications by Stroh

1
0g = | 37 p 8713

- V)IL_J



where nucleation in s non-uniforr » i
CEeE AR LD A e Holl-uniliorm stress field w nsidere
re Vas consider ]
a8 considered, though local

shenr stresses were not considere T .
DL ed. 11 view of +7 Do . .
ae-ldnadequacies of Strohfs
pA o w

(101)

models, Smith and Barnbv®
£

3, exXamiy the pi U] i
mined the pile up of edge dislocations where

1 ey G s ¢ & 1()(}' 3 »L‘ 5 F = “ ;
Lie ¢ J : j,._ L 2LLoON AL Cor =] ¢ Q. t 3 i;L()I}. i
AL e < 11 2Cel b\/ 8 Ccont 1111,{0'[,10 aistri ou o]

L where non-uniform st
€ non-uniform stresses are also considered to be present

)

Gisiocations sn
the anslvsis For a crac +
LIIE AIsy S1LS . YO B CTrack nuc - P B y

nucleated along a plane at an angle with a
pile up conbsinine disgl ocatd ' .
- + Sode A Lad S 2, 1\] S P '} 5 ma .

¢ ons of one sign (Fig. 25), Smith and Barnbv
o

derived the nucleasion criterion:

[\Oll_\

~

30 . .
(2 Cos -7 4+ gin &.8in & 2 s cos 215
- —— )<+ (3 sin © @)

|

WTLLX - o 1
‘ 5eeseosa(10)

AN
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!
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.

£
IFbl
N

R
v[

2 E.Db )
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Graphs of the mucleation criterig ggs 8

function of 8 are shown in

3

Fios. 26(s) snd (b)), The full curves i.e. from equations (10) and (11)

ere shown, nd the broken curves represent equations (12) and (13). Por

the comnlete theorv the miclesting conditions are reiatively independent of

4

N TR e & 0N 0 . .
teecture plane orientation when 0°¢ 6390 s unlike the results obtained by

neglecting local shear stresses, At 70.57 the most favourable condition

; S e e ; , . (101 -
for nucleation occurs as deduced by Stroh. lodels® ) are also available
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O
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crack nucleation at an arbitrary angle to g slip band containing

»
o

oY)

dislocations of both signs and non uniform she r

n

stresses being present.
Stiith and Barnby have nlso formulsted crsck nucleation criteria which
although originally evplicable to crack nucleation at discontinuities in

srain boundaries during creep, are applicable to the initiation of ductile

o,

frocture in two phase alloys. TFig. 27 shows s model of two edge dislocatior

(

oile ups in the plane v = 0. An ffective shear stress, Or forces +the
o £ £ b2 <1

r

dislocations sgeins 2 barrier (i.e, precipitate) of thickness 2¢ through

which plastic deformation cannot be transmitted. The nuclestion criterion is:
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dels are slzo gvails

1a ©Aq . i e : :
ble for a pile up containing dislocations of both

aigns and for crack nuclestion by an infinite Periodic sequence of coplanar

adge dislocation pile-upss
e .

i) 1
o= IO (8 (for smamy
2¥n = 2 \L barrier thicknesses)
(1 -vJ7TL
e C103) . _
Cottrell nas proposed an interasction betwe en dislocstion pile-ups

R N deng 3 o~ I y -
in body cenired cubic metsls, Fig. 29. A cleavage crack forms on the (001)

ptome which is intersected by (101) eng (107) slip planes. Dislocations

b,

cliding #long these a/2 TTi]alonﬂ (101) and
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/2 ?Tﬂ along (101) coalesce o give a[?Oi]w1th a lowering of the elastic

in energy, i.e. from Frank's Tule
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Brrnby © has compared the efficiencies of the models of Stroh, Smith

Bernby and Gottrell by relating K; to Oﬁ via the surface energy term
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o 18 the critical siress intensification factor generated by the slip
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e cracking nlane and Y is a geometrical Udfmh ter. The larger

vhe value of Y for the same sirTess and slip band length L, the ereater the
9ff101@acy, Using the relationship between the 4 lacement of dislocations

T dislocations and positions of the dislocations as
derived by Chou znd Whitmore for the displacements of the faces of s crack,

£ Y. Stroh's final model gave a Y

£ 1.84; Smith and Barnbv's model for a crack forming in the plane

3

yielded a value of Y of 2.5 and for the

lodel in Fig 27, a Y value of at least 6 was obtained. Model ¥ slso leq
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vrress Corrosion Cracking (b.u‘C,; of titanium alloys was not discovered

L7 YA I mMana o - N g .

nniil 1904, when specimens of 4 Dre-notched faticue cracked bar failed under
& AP 10} [ s L2 L. Sl
lover stress than when tested in air. One of the first allovs to be
i Chrea hl o/ * = e
/ f

KR SRV SR S | . Ms 774 / oaar gy Tn . .
nvesuligeted H1/ GAL/ AV which in the mill annesled condition showed

ated T anl4L L v ; i
vested In s2lt solution., In tuis alloy failure is

330331 1 ooty . H-yiey y Y O Y YT 1 ey T ATV N
usually in g LEENscranular mannep through the alpha phase

e s ters ' me e a1 5 N
i@ materisl may be stable by the stress

it oo wvery locsl resion. Third, 211 of

jof)

continuously maintaine
in oo Lh@rmo~uynnmioa¢ly unstable state, but does not corrode because of a
winetic limitation. tress corrosion cracking occurs when the protection
fodils locslly,
=2 o
The metal/vacuum surface tension of about ;ﬁpeﬁergsxcm ‘ can,be re@uced /

by contamination with ien species to values around 150 ergs cm-z(lOB) o

/s

and Hilli £ d proposed that high stresses could exist in g

4

tiie crack tip, which would chan ge the kinetics as well as the

thermnodynamic driving force,

ing theories (fiim rupture, attack st areas of chemical

fegregation, hydrogen embrittiement, stress snd strain assisted dissolution)
belong to the category in which the metal is unstable, but is protected by g

Pessive Lilm which is locally destroyed by some method. A film rupture

d9(110)

sorntion dependent mecianism has becn proposed by Westwoo who
Sugeested that on ittlement is caused by the adsorption ang interaction of

Shecilic species with strained bonds, causing s locsal reduction in‘cohesive
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e Failure of a fatigue cracked titenium aliov in

e
2

% Mall solution

b

shoved that the S.C.C. of some %itanium alloys is dependent on the soundness

ni the oxide £3.1m snd not on any intrinsic proper.ty of the lsttice to the

10 of o stress corrosion crack. Precracked titanium sllovs are
susceptible to 5.C.0. in the presence of Al, Bn, ¥n, Co and/or 02, but

elements such as V or Mo reduce susceptibili v. Allcys
orobably due to the

rack growth rates of about 0,17 in./min. have been

ich rules out dissolution of g referred phase as the sole

nechnnl s,

Fracture mechznics can be applied to 3.C.C., the narameter Kis00
being used (o measure the critical value of K4 in the corrosive medisa.
The stress intensity at the start of the test is governed by the lcad snd
crack length. When cracking occurs the stress intensity increases as the
crack length incresses, until s critical value of K is resgched ie Kqscc,




12, EXPERIMENTAL PROCEDURE

12.1 Material Specification

The chemical compositions of the two alloys studied in the project
are shown in Teble 8. The IMI 700 values are nominal, actual values

being unavailable,

TABLE 8 Chemical Composition Weight Per Cent
of Alloys Used

Alloy Cast No, Al v Fe c 0 N

Ti/641/4V | A7865 6.15 | 3.91 | 0.08 | 0.03 | 1800 prm | 85 ppm
AT7233 6.18 | 4.03 | 0,06 | 0.02 | 1825 ppm | 55 ppm
A7809 6.12 | 4.02 | 0,09 | 0,03 | 1775 ppm 115 ppm
Al Zr Mo Su 51

I 700 6.0 50| 4.0 1.0/ o, 179 prm

For the work described in the experimentel results section
appertaining to alloy Ti/6A1/4V, three casts were used, being indicated

in the text by the cast number:

Alloy " Cast Number Dimensions of Billet
Ti/641/4V A7865 - as forged 4in. x 43in. x 24in.
AT7233 ~ as forged 43in. x 4in. x 16in.
A7809 - amnealed Lin, x 3in. x 32in,

The results obtained on IMI 700 were from one cast.

IMI 700 4%in. x 4%in, x 36in.

Both alloys were received in the form of billets having the
dimensions as shown above.

Alloy Ti/6A1/4V was received as forged (two billets), annealed
(one billet), Forging had been carried out at about 108000, and
subsequently further worked in the alpha-beta field from about 950°C,

Total reduction was about 80 per cent from an original 21 inches square
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to 4 inches square. For Ti/6A1/4V tne beéé tfansus (elpha + beta/beta
transition) is about 995°¢ 15°C, but increasing amounts of vanadium
(beta stabiliser) will decrease the transus until in g 15 per cent
vanadiun alloy the beta phase can be retained at room temperature.

To combine optimum values of strength ang ductility at least 75 per
cent deformation is carried out in the alpha-beta field with a yreheat
temperature of 950°C being used for Ti/6A1/4T and 900°C for THI 700
(beta transus 1015°%¢ % 1500.) Values of the resistance to forging of
Ti/6A1/4V and IMI 700 are shown in Fig. 31 as a function of the number
of degress below forging temverature, Ti/6Al/4V and IMI 700 are amongst
the easier high strength alpha-bets alloys to forge, though at 800°¢
the resistance to deformation of THI 700 is increasing yapidly and
subsequently forging is curtailed at this temperature,

Alloy IMI 700 was received in the heat treated and aged condition,
Solution annealing had been carried out at 90000, air cooled, followed
by ageing at 5OOOC for 24 hours, air cocl. Prior mechanical treatment
had been beta forging followed by about 80 per cent reduction in the alpha-
beta field to ensure complete breakdown of the cast structure.

12,2 Heat Treatment

Titanium has a high affinity for oxygen and hydrogen at normsl heat
treating temperatures and consequently s hard oxide layer will form. The
heat treatments used in the project were carried out in air, contamination
obvicusly occurring. Consequently it is important to keep heat treatment
times as short as possible, consistent with uniform heating.

All heat treatments were carried out under close temperature control}
pa 500, a thermocouple being either placed in direct contact or wired to

the specimen., Continuous monitoring of temperature was achieved by means

of a Kent multi-point recorder.




12.2. 1 Cam Desipgn and Manufacture

The production of an acicular alpha-phase in the microstructure
necessitated the production of a means whereby a slow cool couléd be
achieved from above the beta transus. A Transitrol temperature controller
was modified so that the arm of the controller would follow the profile
of a cam,which would fall in temperature at a set rate. A schematic
illustration of the experimental set-up to achieve a controlled temperature
drop is shown in Fig. 32.

The trace of the temperature drop of the Transitrol was accurately
measured from s reference line at 20° intervals and a graph of the
drop (in inches) against angle (in degress) was plotted, resulting in
a straight line. It was then possible to machine cams having varying
constant temperature drops by varying the slope of the curve.

The cam controlled the temperature drop in the furnace, the
temperature setting pointer on the Transitrol being connected to an
arm which would follow the contour of the cam., As the cam revolved the
following arm would drop with the cam profile, thereby altering the
temperature in the furnace. Temperature control in the furnace was
achieved by means of three I%/Pt 13% Rh thermocouples, one thermocouple
controlling the temperature indicator of the Transitrol, one measuring
the furnace temperature and the third wired to the specimen. The
thermal cycle of the second and third thermocouples was plotted on a
Kent multi-point recorder. The temperature recorder megsured the
temperature of the electric furnace every 30 seconds, and temperature
variation of less than 4oc: the mean was achieved. Over and undershooting
of temperature was minimised by having a portion of the current always on,
even when the furnace had reached the desired temperature. The current
was also adjusted periodically so that the furnace was just kept at the
desired temperature without excess current being available to give a

temperature surge. A schematic illustration of the double heat treatment

-~ 7
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cycle is shown in Fig. 33.

12.3 Machining of Titanium

Difficulty was encountered during the project when heat treated or
forged blanks had to be machined, due to the hard oxide lagyer on the
surface of the alloys. High speed steel tools were found to be unsuitable,
tungsten carbide tools with a large radius producing s broad, thin chip
proving to be the more successful. BEven with the carbide tipped tools,
the tips had to be regularly ground to ensure successful shaping. Tool
life was lengthened by the use of a suitable chlorinated oil supplied
by I.M.I. Throw-away carbide tips were also used, which were brazed
onto the shank of an old tool, which was then ground to the reguired
radius. Most of the time the tool required regrinding due to the fact
that small pieces would chip off the tool during shaping, resulting in
poor cutting.

Both alloys could be sawn satisfactorily, provided that no hard
oxide was present, by means of a coarse saw with a slow speed of sawing.
A cooling medivm was also employed which aided in cutting, the cutting
medium employing a water solute oil to facilitate cutting.

Milling was carried out satisfactorily using slow wheel speeds

and g cut of sbout 0,030 in. per pass. Surface grinding also proved to

be satisfactory using conventional methods.
Sawing was employed as a means of rough cutting unless an oxidised
skin was present, i.e. on material that had been forged. When an

oxidised skin was present, cutting was possible by means of a bonded

wheel cutter, though the length of cut was limited to about 2% in. due
to the diameter of the wheel.

Approximately 0,1 in. was machined off all faces of both alloys
that had been forged and heat treated. Data from an IMI booklet
indicated that holding at 1000°C for two hours caused oxygen

contamination to a depth of about 0.015 in, and thus by ensuring that
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0.10 in. was removed from the surface of specimens contamination was

very unlikely. A Vickers Hsrdness Number check was performed orn gpecimens

after machining to ensure that no hard oxidised skin remsined.

Forged Ti/6Al/4V specimens were machined to remove approximately
0.20 in. of the surface, since besides oxidation, a dead metal zone
was present on the forging, due to sticking friction between the work
and the die. DNotching of samples was always carried out after
machining.

12.4 Details of Fracture Toughness Specimens and
Testing Apparatus

Two types of fracture toughness specimens were originally used to
measure the toughness of both alloys, Fig. 34 (a & b). The notched
rectangular section bend specimen was one of the earliest types of
gpecimen to be used for fracture toughness testing. The specimen can
be loaded in three-point bending or four-point bending, three point
loading being used in the project. The compact tension specimen is a
modified form of the crack line loaded specimen developed by Manjoine.
The compact tension specimen enables the crack to be restabilised after

the first crack extension on reaching the value of Kqg.

The three point bend specimens complied with A.S.T.M. recommended
practice for specimen design, though once values of K, were known the
thickness of specimens were sometimes varied, in all cases being greater
than the W/2 recommended by A.S.T.M. All specimens used for bend
testing had a span/width ratio of 4:1 with at least 4 mm. extra on
the overall length to allow for specimen deflection.

The(compact tension specimens were based on the dimensions given
by Wesseijjiéxcept that the thicknesses were not made W/Z, ususlly

being half an inch,

Fracture toughness testing was carried out on an Instron, Fig. 35 (a).

The bend test fixture on which the three-point bend specimens were

ested was designed to minimise error due to friction between the

-90-
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specimen and suppvorts. The specimen/rééfgaiéﬁ roliers which were able
to move apart as the specimen was bent. Some specimens weré tested on
the bend jig used for fatigue cracking, which had fixed supports. No
difference was observed in toughness between specimens tested on either
fixtures., Most of the IMI 700 specimens were tested on the latter
fixture, Fig,35(b) since the fixture incorporating the rollers had fixed
lengths, varying by half an ineh. The majority of the IMI 700 specimens
had lengths of two inches, and were unsble to be incorporated onto the
fixture, since a space was necessary under the specimen to accommodate
the clip gauge.

The clip gauge, Fig. 36, was used to measure the opening of the

a, RETA

crack. The gauge consisted of two arms oflsolution tréated ﬁlf@ﬂ of
titanium, with four 350 ohm foil strain gauges cemented to the compression
and tension surfaces of each arm, the strain gauges being connected as
a Wheatstone Bridge circuit. The clip gauge was attached to the specimen
by means of suitable knife edges, Fig. 36, care being taken to locate
the clip gauge accur;tely across the notch. It was important to ensure
that the opening of the crack was faithfully followed by the clip gauge,
the gauge being checked regularly for linearity against an extensometer
Fig. 37. .

Testing was carried out on an Instron mechanical testing machine,
load and clip gmuge outputs being recorded on an X-Y plotter, load

vertically and displacement horizontally.

12.5 Fatigue Crack Propagation

The bend specimen were fatigue cracked after heat treatment and
machining, for at least 0.1 in., to ensure that the notch did not
influence the stress field of the crack. An Amsler Vibrophore, (Fig. 38).
was used to fatigue crack the specimens, which were loaded in
compression in three point bending and vibrated about a mean load.

The mean lozd was determined as the load to give an initiation stress

~94-
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imtensity of about 15 k.s.i.(in)%Lfiééfg %aS‘£aken e

the last 0.050 in. was grown in greater than 50,000 cycles. The progress.
of the rate of cracking was monitored by means of a pair of binocular
microscopes on both sides of the specimen. Scribe lines were marked

from the root of the notch at 0.050 in. intervals which facilitated
observation of the rate of cracking.

12.6  MNetallography

12,6.1  lieht Metallogravhy.

Grinding was carried out on silicon carbide papers from "120"
grade through to "600" grade, followed by final polishing with x'“
alunina on a Selvyt pad., Initial polishing on the Selvyt pad was
carried out using a polish/etch technique, using % per cent HF/T% per
cent E}KB in water. It was found that suitable results could also be
obtained by using a suspension of 25"aluminia in water, using light
pressure during the final stages of polishing.

On heat treated specimens of both IMI 700 and Ti/6Al/4V it was
possible to arrest the crack in three point bend specimens. Machined
specimens were polished at the root of the notch prior to fatigue
cracking, to 600" grade and then a "stopping-off" medium such as
Lacomit was applied to the remainder of the specimen. Electropolishing
was carried out using 5 per cent perchloric acid/95 per cent acetic
acid solution, kept cool (10°C) by a bath of liquid nitrogen around

the electrolybe. 60 volts at a current density of 0.25 - 0.5 amps om '

was used for 30-60 seconds. A stainless steel cathode was used.

Btchants used for both alloys are listed below.

2 HF

10% HNO3 - Kroll's etch.

88% Water

~98-




18,5 ¢ Benzalkonium chloride

25 ml  Methylated Spirits
40 mi  Glycerol Stain Etch

515 wl A% H.F.

The stain etch was discontinued since it was found that it was
difficult 4o observe the microstructure in the Scanning Electron
Microscope due to lack of variation in surface topography. Kroll's
ctch was found suitable for viewing microstructures in the Scanning
Electron Wicroscope.

Some microstructures proved difficult to etch, Kroll'd etch not
delineating between the alpha and the beta phase. The use of % per
cent HF in water after the application of Xroll's etch gave a suitable
etched microstructure. The two etches had to be used in conjunction
with each other, Kroll's etch first, followed by the ¥ per cent HF.

12.6.2 Electron Microscopy

Replicas of the fracture surface were made by two methods,
plastic/carbon and direct carbon replica. The plastié replica was
made by softening a sheet of cellulose acetate with acetone and pressing
it on to the fracture surface, allowing to dry for half’an hour, and
stripping off the surface. The acetate sheet was then placed in an
evacuated bell jar and coated with carbon followed by shaddowing with
a Au/Pd alloy. The plastic backing plus carbon was cut into sections
about 0.1 in. square, and the backing was then removed by sosking in
acetone, leaving the carbon replica on copper grids.

Direct carbon replicas were prepared by carboning in a bell jar
as above and removing the film by immersion in Kroll's etch, the
carbon flaking off and was caught on copper grids, washed in acetone

and dried.

The Scanning Electron Microscope enables fracture surfaces and
microstructures to be viewed directly in bulk, negating the production

of replicas. The only limitation is specimen size, which should be



less than § in. x § in. by % in, highf Observation of fracture

surfaces and subsequent microstructures of crack tips showed that

excellent resolution was possible using the Scanning Electron Microscope,
which precluded the use of replicas. Replicas were taken, however, to
determine if second phase particles were present in the microstructure
which would lead to a preferred fracture path. Direct carbon

extraction replicas were prepared by the method described abowe, which
would contain any second phase particles in the carbon film.

Specimeh preparation for the Scanning Electron Microscope entailed
sectioning to a suitable size (% in. x % in. x % in. high) and then
cleaning in an ultra-sonic cleaner for asbout 20 minutes, to remove any
0il or dust particles which would be visible at operating magnifications.
12.7 Eorging

12.7.1. Preliminary Investigation on IMI 700

Rectangular sections of IMI 700 measuring approximately 22 in. x
1% in. x 0,55 in, were hammer forged along the 1% in. dimension, i.e,
along the grain flow direction. Forging was carried out using a four
hundredweight hammer, using at least one reheat per specimen due to the
material cooling below a suitable forging temperature. Forging
reductions of about 70 per cent were used at temperatures ranging from
900°C in the alpha beta range, to 1010°C, 1050°C and 1100°C in the

beta range.

Table 9 shows the specimen dimensions and forging details.
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TABLE 9 SPECIMFN&BIMENSIONS“ANBfFOR IHG'BETAILS GF
HAMMER FORGED IMI 790

Initial Original Forged : N .
. . No. .
Forging Gauge Gauge Perceﬂtége RZBeZﬁs ~ Time of
Temperature Ins, Ins. Reduction | | One Reheat
900°¢
1.44 0.42 70 2 10 minutes
o
1010°¢ 1.30 0.385 70 1
)
10507°C 1.30 0.375 70 1
o
14100°C 1.25 0.35 70 1

Blanks wefe initially heated from cold for about 45 minutes prior
to forging, reheating being left to the discretion of the forger.

12.7.2  Press Forging of IMI 700 and Ti/6A1/4V

Blanks of IMI 700, 4 in. x 4 in. x 25 in, high were press forged
on & 600 ton machine at 950°C, 1050°C and 1125°C. Prior heating was
carried out in an oil fired furnace for about one hour. Forging
reductions of about 7O per cent were carried out at a strain rate of
about 1 sec._1, the load being applied parallel to the grain flow.

A similar procedure was adopted for Ti/6Al/4V specimens measuring
11 in. x 3% in. x 4% in. high being forged at the same temperatures and
strain rates as IMI 700. Forging reductions were about 75 per cent.

After forging,bothalloys were water quenched, The forgings of

TMI 700 were sectioned into quarters and then further sectioned into

blanks about 2% in. x 0.65 in wide x the forged thickness. The Ti/6AL/4V

forgings were sectioned to give blanks measuring about 5 in. X 1+ in x

forged thickness.

12.8 Stress Corrosion Testing

*
Testing was carried out on a modified creep machine Fig. 39

and also on the Instron. The modified creep machine employed a dead

* Designed by H.G. Pisarski of the Department of Metallurgy,
Tmiversitvy of Aston.
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loading arrangement, the speeiﬁen béiﬁgfiééde& to a certain K4 value
in air and then after half an hour the salt solution was added. The
salt solution (3% NaC) was enclosed in a perspex cell, the ends of which .
were sealed with plasticine. A slight leak was allowed to occur (abouk
10 cc. per hour)to ensure that the solution was regularly changed.

12.9 Sectioning of Forged Billets to Investigate the Effect

of Orientation on Fracture Toughness

For alloy Ti/6A1/4V the literature revealed a large variation in
values of the plane strain fracture toughness K4g, from below 40 k.s.i.
(in)% to greater than 100 k.s.i. (in)%; without large scale variations
in yield stress. Many of the higher values, do not comply with AcS.TeM.
recommended practice for plane strain fracture toughness testihg.
Tnitial testing of Ti/6A1/4V and IMI 700 was scheduled to determine the

effect of crack orientation on toughness. The nomencleture used for
(112)

4
H

the various crack propagation systems are taken from Davis et al and
are shown in Fig. 40.

The sectioning procedure used for alloy Ti/6A1/4V (AT7865) is
shown in Fig. 41 . Since the billet cross section was square, it was
necessary to designate width W.and thickness T, directions. The cast
number (A7865) was used as a reference, as can be seen in Fig. 41
such that the thickness direction T, coincided with the cast number.
From an initial sample measuring 4% in. x 4% in. x 6 in, five pieces
were sectioned from which test-pieces were machined (Fig. 41 ). The
fracture toughness specimens were of two types, three point bend, for
pieces A-C and compact tension for pieces D and E. The compact tensien
specimens enabled the crack front to be restabilised at a desired point
after the onset of fast fracture, in order that the crack path through

the microstructure could be determined.

A similar procedure was adopted for sectioning the billet of IMI

700, again to determine the effects of orientation on material fracture

toughness.
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12.9,1 Sectioning of Billet A7233;fT1/ Al
Approximately % in. was machinet:i/’éff %he four side faces of the ,
billet to remove any forging defects and the oxidised surfé,ce; The
remainder of the blllet was sectioned as shown in Fig, 42 and eaéh
sample was identified with a number in the top left hand corner. Blanks
for compact tension specimens were machined to 3% in. x 3§~in, x 0.95 in,
whilst for three point bend specimens blank measuring 6% in. x 12 in.
x 0.95 in. were machined,

12.9,2 Sectioning of Billet of IMI 700

From an initial section 4 in. x 4 in. x 11% in. thirty six blanks

measuring 2% in. x 2% in. x 0.45 in. were machined as shown in Fig. 43




13. RESULTS

13,1 Variation of Mechanical Properties with Solution
and Ageing Temperatures. ' .

Solution treatment was carried out from 83500 to 101000, water
quench followed by ageing at 51000 for eight hours. - Values of the
mechanical properties of Ti/6AL/4V at the appropriate temperatures are
shown in Fig. 44 (a).

The effect of ageing time on Ti/6A1/4V solution treated at 950°C,

A5l C
water guenched and aged from two to twenty-four hours®is showm in

Fig. 44 (b).

13.2 Variation of Fracture Toughness with Orientation.

13.2.1, Ti/6A1/4T Cast No. AT865,

Table 10 shows the effect of specimen orientation on the fracture
toughness of Ti/6Al/4V. Testing was carried out on an Instron mechanical
testing machine, at a cross-head speed of 0.02 cm./min. Specimen
thickness, B, was 0.50 in., except for samples B4-B6 which were 1.25 in.
thick,

Fatigue cracking was carried out to ensure that the notch did not
infiuence the stress field of the crack. Fatigue crack propagation was
carried out in accordance with American Society for the Testing of
Materials (A.S.T.M.) recommended practice, An initial stress intensity
of about 20 k.s.i, (in)% was used to initiate a fatigue crack, propagation
ent to 90 per cent of the initial

stress intensity being from 50 per ¢

gtress intensity.

Values of the fracture toughness parameter, designated %) initially,

were calculated from:

/
K = zza Three Point Bend
BW
N, Gk
J 2
By = ¥2(a) Compact Tension

BW
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Effect of Svecimen Orientation on the

TABLE 10
Practure Toughness of Ti/6A1/4V
Specimen Crack . Toughness Specimen
Number Direction Width K 1 Design
Inse k,segta(in)z -
A7 0.752 80.0
A2 TR 0.752 85.0 Bend
A3 0.751 75.0
B1 1.00 86.0
B2 RW 1.00 79.0 Bend
B3 1.00 86.0
B4 2.50 85.0
B5 RW 2. 50 99.5 Bend
B6 2.50 83.0
C1 Oo 752 75'0
o RT 0.751 75.0 Bend
C3 0.752 -
D1 2.50 92.5
D2 o 2,50 77.0 Tension
D3 2,50 91.5
B 2.50 89.5
- 1% 2.50 90.5 Tension




Kq is initially calculated éinée/ M. rec@mmended»practiag
requires the thickness, B, and crack iength, a, to be gieater ﬁhan:
2.5 (K1Q/6ys)2, Until the above calculation has been made, ohéﬂdéémfﬁg£ﬂ§? 
know if the value determined is the plane strain fracture toughness; K1G;
and consequently is termed Kq. The load, P, used to calculate Kq was
deternined by the secant method.

The mechanical properties of the as forged Ti/6Al/4V billet are
shown in Table 11.

Tn the as forged condition Ti/6Al/4V exhibits alpha grains with
beta along the grain boundary. Replica and scanning electron
micrographs of the fracture surfaces are shown in Fig. 45 (a-d). It
can be seen that the fracture surface exhibits dimples indicating that
the alloy failed by micro-void coalescence. No inclusions were found,
either in direct carbon replicas or in the scanning electron micrographs.
Tt was decided to discontinue preparing replicas of the fracture surface,
since the scanning electron micrograpns gave excellent resolution and
sample preparation was easier, coupled with the fact that the absence
of inclusions made replica work unnecessary.

The surface of one of the fracture faces was nickel plated and
polished by the usual means. From the micrograph, Fig. 46, it can be
seen that at least part of the fracture is intergranular.

Observation of scanning electron miérographs of fracture surfaces
showed that two main sizes of dimples occurred. Photographs measuring

10 in. x 8 in. were prepared from micrographs and the dimple sizes

measured from the photographs. Care must be taken when measuring

scanning electron micrographs, since foreshortening of the image occurss

and a correction factor has to be abplied when measuring in depth. All

the values used were measured acTross the micrograph where no correction

factor is needed. Fig. 47 shows a histogram of dimple diameter against

frequency of observation.




TABLE 11 j
Mechani.cal Properties of Billet A7865 (Ti/6Al/4V)

Specimen Yi Ultimate
Orientation ' elléds X i’ﬁ'ress gins e Elongation Reduction
eSel. ress in Area
KeS.is % %
Longitudinal 117 (27
S 12 35
139 40,5
tD 13 40
1 1 5 42K
ied 18
N 30
117.5 128 16 40
122 132 15 30
119 428 15 35
Transverse 13
1 137
12 40
123 135 13 40
125 135 11 37
121.5 151 18 37

The tensile saml

speed except where indicated b

ples were tested

at 0.02 cm./min, cross-head

y asterisk, 0.2 cm,/min.

being used.
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FRACTURE MICROGRAPHS OF ANNEALED T4 /6AL /4V

FIG. 45 (a & b)




(c)

()

FRACTIRE MICROGRAPHS OF ANNEALED Ti/6A1/4V

FIG. 45 (c & 4)
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46  CROSS SECTION OF CRACK PATH IN ANNEALED Ti/6A1/4V

FIG.
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Specimens of orientation D3, E1 3§§§?;Wéfe unlea&edlﬁﬁee,ﬁhé‘" '
naximum on the load/displacement traéé’hédroecurxéa;:fThéf§§§¢iﬁ§£§awéié -
then sectioned to a size suitable for viewing in the scaﬁﬁiﬁéill -
microscope, polished and etched in Kroll's etch. The sbecimeﬁs WQQQH
sectioned to ensure that the plane strain region of the fracture was
under observation. Photo-micrographs of the crack tip and adjacent

regions are shown in Fig, 48 (a-e).

13,2.2  IMI 700,

Fracture toughness values for IMI 700 in the solution treated and
aged condition forifive orientations are shown in Table 12,

All toughness values reported in Table 12 correspond to plane
gtrain fracture toughness values (K1c)’ when subjected to the A.S.T.M.
criterion: B 5 2.5 (K1c/0§s)2.

Values of the mechanical properties of IMI 700 solution treated at

9OOOC, air cooldand aged 24 hours at SOOOC, are shown in Table 13.

TABLE 13 Mechanical Properties of Billet of IMI T00

Ultimate . Reduction

Specimen Yield Stress Tensile Elongation in Area
Orientation keSeis Stress % K

KeSels

Longitudinal 165 177 15 25
164.5 478 14 23
165 178 15 21
Transverse 168 180 13 15
167 181 12 14
169 180 12 15

Due to the low fracture toughness of TMI 700, three gpecimens were

broken in trying to propagate a crack from the base of a machined notieh.
in. at the

Tt was found that spark evoding a starter orack gbout 0.0

“base of the notch helped considera,bly in initiating a fatigue crack.
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CRACK TIP & ASSOCIATED REGIONS

48 (c & d)

FIG.

i /6A1/4V

TN ANNEALED T




CRACK TIP & ASSOCIATED REGIONS IN

(e)
10}1
FIG. 48 (e)



TABLE 12 Effects of Specimen Orientation on the
Fracture Toughness of IMI 700
Specimen Crack Toughness Specimen
Number Direction Width K1e 1 Design
Tns. kuseie(in)z
A1 Broke in Fatigue
A2 TR 0.75 19.5 Bend
A3 0.75 19.0
B1 1,00 29.0
B2 RW 1,00 30.0 Bend
B3 Broke in Fatigue
B4 0.50 24.0
B5 RW 0.50 22.0 Bend
C1 0.75 19.0
c2 RT Broke in Fatigue Bend
¢3 0.75 20.0
D1 2,50 19.5
D2 ™y o, 50 20,0 Tension
E1 2.50 19.5
ED TR 2,50 20,0 Tension

Specimen thicknesses in all

which were 0.35 in. thicke

cases were 0.

122~

50 in, except B4 and BS




g0r blade was initially used to act as 5

AT

was found to be very slow. Copper foil about

be the most guitable cathode. A stress intensit
Yy O

for propagation. Compact tension specimens were satisfactorily f .1;..'
gsing a chevron notch coupled with the above fatigue conéitio% ' 8 &
TN 700 in the solution treated, 900°C air cool and aged conditi

500°C, 24 hours, consists of about 60 per cent alpha and 4i per : :lon;

) cen
transformed beta, as measured by a Quantimet Image Anaslyser. A micrograph
of & transverse section of the fracture from the centre of the specimen -
(plane strain region), is shown in Fig. 49 (a) and from the surface in

Fig. 49 (b) Micrographs of the fracture surfaces from orientations

A, B and D are shown in Fig. 50 (a),(b),(c) respectively.

13,3  Effect of Specimen Thickness on the Stress Intensity Factor, K¢

13.3,1 IMI 700,

The A.S.T.M. criterion regarding thickness, B, of specimen to obtain

2 valid K, test is:- B S 2.5 [Kie
Oys
\

. . , 1
Substitution of the relevant parameters, Ko = 20 KoSoie (in)':'a’ and

Gys = 168 k.s.i. yields a value of B of 0.035in.

Specimens solution treated at 900°¢ and aged for twenty-four hours

o)
at 500 C were machined to various thicknesses to determine the effect of

thickness on fracture toughness, Kqc» Pig. 51(a). Three point bend

thicknesses except for

: 14 .
specimens 2% in. X 0.5 in. x B were used for all

the 0.5 in. thick specimens, the dimensions of which are given in

section 13.2.2. The specimen orientation was WRe

13.3.2° Ti/6AL/4V

Application of th

tgg forged" material having

e thickness criterion to

th 120 keselies yields a thickness

1
a Kqgof 84 k.s.i. (in)® and a yield streng

of 1,22 in., Specimens were tested over a range of thicknesses from 0.10 in.
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FIG. 49 (a)

SURFACE OF SPECIMEN PLUS FRACTURE EDGE
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FIG. 49 (b
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FIG.
50 (c) FRACTURE SURFACE FROM ORIENTATION D — IMI 700
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TABLE 14 Dimensions of Specimens Used in Kq/Thickness

Experiment - Ti/641/LV

4

See Table 10

0.50

K1e ‘ Crack Sp%:;ﬁ;? Th?gizzzzn Specimen Specimen
keseio Length - I Design Orientation
(in)'z‘ Ins . ns. nse.

46.5 0.318 0.505 0.114 Bend WR
46,0 0.255 0. 500 0.150 "

62.5 0,246 0,485 0.225 Bend WR
70,0 0,231 0.50 0.225 "

64,0 0.242 0.50 0.230 "

76,0 1,035 1,97 0.396 Tension WR
86,5 0.968 1.97 0.395 "

94,0 1.05 1.97 0. 668 n

100 1,03 1.97 0.702 t




to 1.25 in., Fig. 51 (b). Also shown are the percentage shear fractures
over the thickness range, Table 14 lists the various specimen dimensionse

13,4 Effect of Rate of Fatigue Cracking and Notch Acuity on
the Fracture Toughness of IMI 700,

13.4.1 Fatisue Cracking.

Fatigue cracking was usually carried out so that the last 0.050 in.

was propagated in greater than 50,000 cycles at a stress intensity range

of not greater than K1c/2'

Specimens of material that had been solution treated at 90000, air
cooled and aged at BOOOC for twenty-four hours, were fatigue cracked, so
that the last 0,050 in. was propagated in greater than 50,000 cycles. The
effect of propagating the fatigue crack at a greater rate than recommnended
practice is shown in Fig. 52 (a).

13.4.,2 Notch Acufiity.

Specimens that had been solution treated at 90000, air cooled and
aged at 50000 for twenty-four hours were machined to give a notch having
a root radius of 0.005 in. and 0.010 in. Fig. 52 (b) shows the effect of

root radius on the stress intensity factor.

In both the above tests, the specimen orientation was WR.

13.5 Effect of Speed of Testing on the Stress Intensity Factor in IMI 700,

Solution treated (900°C air cool) and aged BOOOC,(tWenty-four hours )

material was tested at cross-head speeds from 0.02 cm./min. to 50 cm./min.

on an Instron mechanical testing machine. Load/displacement curves were

plotted on a Bryans X-Y plotter. Fig. 53 shows the values of Kqq obtained

at the various cross-head speeds as measured on the Bryans. Four specimens

are also shown where the output from the load cell was monitored by a

Fad

U~V recorder, to check if the material was really strain rate sensitive,

or whether the Bryans was insensitive to increasing cross-head speed.

The specimen orientation was WR.

-130-
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13,6 Variation of Kq with Solution Temperature.

13.6,1 IMI 700
Blanks were solution treated for one hour at temperatures from 800°C

in the alpha beta field to 104000 in the beta field. Ageing was carried

out at 5OOOC for twenty-four hours.
Values reported in Table 15 all comply with the A.S.T.M. criterion

. . . . . +
regarding thickness, the thickness being 0.3% in. = Ce1 1in.

A micrograph of the crack tip area for material sclution treated
at 9OOOC was shown in Fig. 49, whilst Fig. 54 (2 & b) shows material %
solution treated at 104000 and aged at SOOOC for twenty-four hours.

IMI 700 is produced in the oil quenched condition as well as air
cooled. K4, and mechanical properties of specimens solution treated for
one hour at SOOOC, 0il quenched and aged at SOOOC for twenty-four hours
are shown in Table 15.

13.6.2 Ti/6AL/4V

Blanks from Cast A7233 measuring 6 in. x 1% in. x 0.9 in. were i
solution treated at temperatures from 91500 in the alpha-beta field, to
1O4OOC in the bets field for one hour at temperature, followed by water
quenching. Ageing was carried out at 51000 for eight hours. Fig. 55

shows the effect of solution temperature on K44 whilst Table 16 contains

the mechanical properties of tensile specimens machined from the fracture
toughness specimens,
Table 17 shows the effect of forging temperature on Ti/6A1/4V

solution treated at 95000 for one hour and aged at SOOOC for eight hours.

Ti/6Al/4V solution treated below the beta transus is illustrated in

Fig. 56 (a) by the alloy sclution tregted at 95500 and aged at 50000,

whilst micrographs of the material solution treated at 1020°C, represents

the alloy heat treated above the beta transus, Fig. 56 (b). Scamning : f

electron micrographs of the fracture surfaces of the above heat treatments

are shown in Fig. 56 (¢) & (a).




TABLE 15 Variation of Toughness and Mechanical Properties with.
Solution Temperature in JMI 700
% Yield Reduction
Solution e Stress Elongation | in Area Crack
Temperature Ke.se1. Gys % % Direction
(in)Z KoSeds
800°C A.C. 20 - - - WR
22
24
900°C A.C. 18,5 - 168 15 25 -
21,5
950°C A.C. 21 - - - WR
20
17
1040°C 4.C. 47 WR
48 158 4 6
35
800°C 0.Q. 19.0 WR
20.5 178 10 22
21,0
AaCa = Air COO].
OsQu = Oil Quench




L1

FIG. 54 (a) CRACK TIP OF SOLUTION TREATMENT AT 1040°¢C,
AGED AT 500°C — IMI 700

FRACTURE EDGE, HEAT TREATED AS ABOVE
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TABLE 16 Variation of Toughness and Mechanical Properties
with Solution Tempersture, Ti/6A1/LV
S ti K ie i
o}u : OI} k gc 4 Thickness, Tield U.T.5. | Elongation R?du?tlon
Tempgrature SeSete B. i Stress K.s.i 7 in Area
C (111)2 $ 1nS. k.sgi' eSele 'O %
915 53.5 0.65 144 155 16 35




TABLE 17

Effect of Forging Temperature on Solution

Treated and Aged Ti/6A1/4V

ForgingOTemperature Kie . Thickness,
¢ K.s.i. (in)? B, ins.
950 42,5 0.725
950 44.0 0.720
1050 42,0 0.77
1050 45,0 0.76
1125 44,0 0.73
1125 47.5 0.725

-




FIG. 56 (a) FRACTURE EZDGE OF 955°C SOLUTION TREATMENT — Ti/6A1/4V

o

FIG. 56 (b) MICROGRAPH NEAR FRACTURE EDGE OF 1020°C
SOLUTION TREATMENT - Ti/641/4V




1’7}1

FIG. 56 (c) FATIGUE/FRACTURE INTERFACE OF 955°C SOLUTION
TERATMENT — Ti/6A1/4V

FIG. 56 (d) FRACTURE SURFACE OF 1020°C SOLUTION
TREATMENT - Ti/6A1/4V




13.7 Variation of K4, with Ageing Temperature.

13.7.1 IMI 700,

Blanks were solution treated at 90000 for one hour, air cooled
and aged at the temperatures shown in Fig. 57 for twenty~four hours.
Fracture toughness values end mechanical properties are shown in Fig. 57,
whilst Table 18 shows the effect of ageing temperature on the alpha and

beta grain size and percentage phases. Specimen orientation was WR.

Effect of Ageing Temperature on Grain Size and

Percentage Phsses on IMI 700

TABLE 18

. » o Grain Size Percentage
Ageing Temperature (Microns) Phase
Alpha Beta Alpha Beta
500°C 6.0 3.5 60 40
575°C 5.6 6.6 45 55
660°C 5,2 6.9 40 60

A Quantimet Image Analyser was used to measure the grain size

and percentage phases.

-/ /
13:7'2 Tl‘ 6}).,1& QV' a4

Solution treatment was carried out at 95000 on bleanks measuring
6 in. x 1% in. x 0.9 in., followed by water quenching. Ageing was

. o} o )
carried out at 510 C, 575 C and 670 C.

Fracture toughness specimen dimensions were nominally, Width W = 1 in.,
Span S = AW =nd Thickness B = W/2.

Fracture toughness values at the various ageing temperatures are %
shown in Fig. 58 along with the mechanical properties of tensile

specimens machined from the fractured halves of the toughness specimens. L

~142- I
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13.8  Production of an Acicular Microstfﬁéﬁﬁr

Double Heat Treatment.

The acicular microstructure was produced by slow cooling through
the beta transus, followed by conventional solution treatment and
ageing. By conventional solution treatment and ageing after the
production of the platelet alpha it was proposed to attain strength
parameters similar to those experienced in commercial heat treatments.
The introduction of a platelet alpha should act as a barrier to crack
propagation leading to an increase in toughness.

Preliminary trizls were carried out on Ti/6Al/4V ssmples & in. %
%vina x & in., which were cooled at 3200 per hour from 1O1OOC to 65000
and air cooled. Cooling to 6500C engbled a large volume fraction of
alpha to be precipitated. Solution treatment was carried out from 85000
up to the beta transus, followed by ageing at 51OOC‘for eight hours.
Varying the solution treatment temperature produced a varying volume
fraction and interparticle spacing.

Similar double heat treatment applied to blanks of Ti/6A1/4V for
tensile testing produced yield strengths from 135 to 160 k.s.1i. by
solution treating from 850°C to 975°C.

Double heat treatment applied to the high strength IMI 700 alloy
produced yield strengths from 166 to 178 k.s.i. by varying the solution

temperature between 800°C and 1OOOOC.

13.8.1 Double Heat Treatment - Effect of Cooling from Bets Field to
Various Temperatures in the Alpha-Beta Field on Kqc.

Blanks of the high strength alloy (Fig. 43) were sectioned into

four pieces along the tangential direction T so that the crack would

propagate: along the forging direction WR, representing one of lowest

toughness.
0
Heat treatment involved cooling at 3200 per hour from 1080°C through

o] . .
the beta transus to 970°C, 680°C and 770°C, air cooled. This was followed

by solution treatment at 90000, air cooled and ageing for twenty-four
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hours at 50000, Fig. 59. Fracture toéggﬁé§éﬁfé,uegaéf?SEeciméns coe1ed’
erom 1040°C to 945°C, 845°C and 675°% at 30% per/gagi, followed by the
above solution treatment and ageing are also shown in Fig. 59.
Specimen thickness in all cases were approximately 0.35 in.

Optical micrographs of materisl cooled from 1040°C to 945°C, 845°C
and 67500 followed by solution treatment and ageing is shown in Fig.
60 (a—c>n Scarmming electron micrographs of specimens cooled to 6750C
are shown in Fig. 61 (a~c), whilst Fig. 61 (d) shows the intergranular
type of failure that may occur when the crack is arrested by a grain
boundary. Thick grain boundaries occur when the alloy has been cooled
from high in the beta field, i.e. 1080°C. Alpha particle thickness Aok
and intervarticle spacing x& for material cooled from 104000 are

shown in Table 19.

Table 19 Micerostructursl Parameters for Material Cooled from 104000,

VI 729
Heat Treatment k.zj;. Mizlfns Miégﬁns
(in)=
1045 - 945°¢ T4 900°¢/500°C| 26 19 9.42
1045 - 845°C " " 32.5 5.75 10.06
1045 - 675°C " " 37 4.33 9.1

STA = Solution Treated and Aged

13.8.2  Ti/6a1/4V

Cooling was carried out at BOOC per hour from 102000 in the beta
field to 89000, 800°C and 67500 in the alpha-beta field. Solution
trestment was carried out at 95000, water quenched and aged at 51OOC

for eight hours. The offect of the above heat treatment on K4, 18

shown in Fig. 62. Optical micrographs of alloy Ti/6A1/4V subjected to

the sbove heat treatment are shown in Fig. 63 (a).
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FIG. 60 (a) COOLED FROM 1080°C TO 970°C_S.T.A. 900°C /500°C
(v) COOLED FROM 1080°C TO 880°C S.T.A. 900°C/500°C x 800

(c) COOLED FROM 1080°C_TO 770°C S.T.A. 900°C /500°C
Ti/6A1/LV
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CRACK TIP OF DOUBLE HEAT TREATED IMI 700 x 270

)

. 61 (a

FIG

=
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AS ABOVE BUT ADJACENT TO CRACK
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(

. 61

FIG

~149-




ﬁGEP

FIG. 64 (c)  AS ABOVE BUT ADJACENT TO CRACK

TURE SURFACE FROM SPECTMEN COQLED FROW

FIG. 61 (a) FRAC
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D FROM 1020°C TO 945°C S.T.A. 950°¢ /510°C

FIG. 63 (a) COOLE
(b) COOLED FROM 70200C TO 8459C S.T.A. 9500C /510°C  x 800

T5/6A1/)
Ti/6AL/WV ¢y CoorEp FROM 1020°C T0 67°C S.T.A. 950°G /518 ¢




Table 20 shows alphs platelet thickness Aok an

spacing, 8.

TABLE 20 Microstructural Parameters for Double Heat
Treated Ti/641/4V |

K o i
Heat Treatment X ;c. )\& el
(;n3%° Microns Microns
O (o] (o]
1020°¢-890°C STA 950/510°C 47 25..0 8.9
0 (o]
1020°c-800°C " " 49 17.0 7.6
O O
1020°Cc-675°¢ " 57 6.0 8.2
STA = Solution Treated and Aged

PO e R L e R

13,9  Double Heat Treatment Applied to Billet A7233 - Ti/6A1/4V

i i

Billet A7233 had been alpha-beta forged from 95000 with a reduction

of about 4:1. Blanks were cooled at a rate of 3200 : 3OC per hour from

1000°C to about 650°C, air cooled. Sclution treatment was carried out

from 800°C to 97000 for one hour, followed by water quenching after a

delay of about two seconds. Ageing was carried out at 51000 for eight

hours, air cool. Some of the samples did not have an acicular

microstructure due probably to the initial temperature of 1000°¢ being

too low. Raising the initial temperature to 1O2OOC and then cooling to

65000, followed by solution treatment and ageing produced the desired

structures. Table 21 and Fig. 64 show the mechanical properties and

fracture toughness obtained by varying the solution treatment temperature

o
from 800°C to 970 C.
n corresponds to the

The transverse orientation of the specime

transverse orientation in the billet.

The stress intensity necessary for crack initiation in fatigue

1
(in)? and for propagation was 50-75 per cent

varied from 10 - 15 k.s.1.

of the initiation value.




TABLE 21 Mechanical Properties of Double Hest Trested Ti/6A1/4V
— ' ” :
Solutlor% Specimen 1c' Thickness, Yield Elong- | Reduct=
Temperature . k.s.j. Strength| ation ion in
0 Design (in)% B, Ins. ; :
c in) k.s.1i. % Area, %
800 Bend 65.0 0. 601 132 15 20
800 Bend 64.0 0. 600
870 Bend 61.5 0. 655 140 12 15
870 Bend 60.5 0. 650
910 Bend 56,0 0,551 141.5 15 18
Tension 58.0 0.785
Bend 60. 5 O' 795
950 Bend 55.5 0.739 148 13 18
Tension 56.0 0.743
Tension 575 0.806
970 Bend 55.0 0.525 158 10 16
Bend 54a 0 0. 551
as forged Bend. 74.0 0.850 120 18 38
as forged Tension 70.0 0.797
properties of the "as roceived! material (Cast A7233) is also

shown in Table 21.
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The fracture toughness values quoted
A.S. T M, specification for plane strain ‘firac, 7
only parameter that varies from-A.S.T.M. é;i%erj,a : thenf”c 1cknes 5
being greater than W/2 for bend specimens and less than W/’Z f@rtensmn
specimens,

Scanning electron micrographs of the polished and etched‘stmctures
from 800°C and 950°C solution temperatures are shown in Fig. 65 (a-d).

Micrographs of the fracture surfaces from the above temperatures ;

ore shown in Fig. 65 (& & f).

Measurements of platelet thickness })\ot and interparticle spacing >\Bi

are shown in Table 22,

TABLE 22 Vicrostructural Parsmeters for Double Heat Treated Tig6A144V.

Kie N 6 >\a(

Heat Treatment : k.s.iq Microns Vicrons
( in)2

1020%¢ - 650°C

s.7. 800°C WQ/ 65 3.4 20.0
Aged 510°C

s.7. 915°C Wo/Aged 61 6.2 18.0
s.m. 950°C WQ/Aged 57 5.8 150
s.7. 980°C WQ/Aged 55 7.15 15.5

5.7, = Solution Temperature

W.Q. = Water Quenched
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¢ 10 650°C S.

) COOLED FROM 1020°
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FIG.

950°c WQ/510°C x 290

JA.

T

°c s.

¢ TO 650
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65 (b) COOLED FROM 1020

FIG.
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65 (c) AS ABOVE BACK FROM TIP x 155

RIG. 65 (d) AS ABOVE AT INCREASED MAGNIFICATION

Ti/6A1/LV
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FIG. 65 (e) FRACTURE SURFACE OF COOL FROM 1020°C TO 650°C
S.T.A., 800°C Wq/5100C.,

FIG. 65 (f) FRACTURE SURFACE OF COOL FROM 1020°¢ 70 650°C
S.T.4, 950°C w@/510°C.

Ti/681/4Y
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13,11 Variaticn of Ky, with Forging Temg

12,11.1 IMI 700 - Hemmer Forged

Forging wes carried out at 900°C, 1010°, 1050° and 1100%. The

p,

sed blanks w oo On .
forged Llanks were cooled from 10407C to 67500 at 32°C per hour, solution
0
o = lee’®) . ;
treated st 900 C, air cooled, end aged for twenty-four hours at 500°C
o
o N e ) X .
The effect of forging temperature on double heat treated material

is shown in Figo. 67. Table 24 conteins the mechanical properties cf
nani RAN T

by e = 15 0] » Yy =) ST Fmry oy
terisile epecimens machined from the fractured halves cf the bend specimens.

TARLE 24  Mechanical Properties of Hammer Forged Material

Forgingogemperature Yiei?s§§fess Blon%aticn Rei;zzi%n in
c00 170 8 12
1010 169 8 12
1050 165 8 10
1100 167 6 10

Scanning electron micregra aphs of the fracture surfaces of the alloy

) B O <
forged telow the beta transus at 900 C and ebove the beta trensus at

C . . o . C YIS
1100°C zre shown in Fig. 68 (a~o). Microgrephs of the fracture edge and

polished end etched surfezce ere shown in Fig. 68 (&) and (e).

Press Forged

H,

13.11.2 I¥I 70C -~

Blanks messuring erproxim metely 2% in. % 0.6 in. x as forged thickness,

o o reOn
i.e. zbout 1.0 in, heving been forged at 960 C, 105¢ C and 1125 C, were
ccoled from 105GOC tc 7500 100°C per hour and air cooled. Solution

‘ o O~ . % e To ve G
sreatment wee carried out at 800°Cy, 900 C and 950 C, air cooled, followed

500 ¢ for twenty four hourse

d for specimens solution treated at

A similar procedure was adopte
instead of air coclinge

800%, 650°C and 900°C, followed by oil quenching
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FIG. 68 (a) FRACTURE SURFACE FROM SPECIMEN FORCED AT 950°C
AND DOUELE HBAT TREATED

FATIGUE /FRACTURE INTERFACE FROM SPECIMEN FORGED
AT 1100°C AND DOUBLE HEAT TREATED x 60

00

FIG. 68 (b)

IMT



FIG. 68 (c) AS ABOVE AT INCREASED MAGNIFICATION

IMI 700

e 65



L
=

FIG. 68 (d) FRACTURE EDGE FROM SPECIMEN FORGED AT 950°C i
AND DOUBLE HEAT TREATED i

#1G. 68 (o) AS ABOVE AT INCREASED MAGNIFICATION
IMI 700
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The delay in air cocling or oil quenching was about on /Seean& in both

LG EES Snecimen thickness ine - o /

coces. OSpecimen thickness was nominally 0,35 in. The varistion of K i
e

B ~ s + -, - . ~ ] 3 *

with sclution temperature for the three forging temperatures is shown in

P O 3z L T R . \
Fige ©Y (a), whilst in Fig. 69 (b) fracture toughness, Kios is plotted

forging temperature for the three solution trestment temperatures.

graphs of K, against solution temperature and K, ageinst

forging temperature for the oil quenched condition are shown in Fige

~J
S
PN
on
pa—
o)
1-
i
[T

respectivelye

The mechrn’ical properties of the above heat treatments are shown

n Teble 25. Tensile snecimens were machined from the fractured helves

=9 . . \ . - -
14257°C are shown in Fig. 71 (8 =~ cjo The microstructures developed by

solution tresting at 800°C end 900 C, followed by oil guenching and

b

. A O .
ageing Tor mater 181 forzed at 950 °C and 1125°C are shown in Fig. 7

Typicel micrographs of the fracture surfaces for meterial

o
@

. O o) . . / N
forped at 950 C and 1125°C are shown in Fig. 72 & &

Measurements of the alpha platelet thickness ,/‘o( and interparticle
. . o
spacing A{B , averaged from forty fields are shown in Table 26, for

forgzed at the three tempe sratures, followed by double hesat

{trestment. The standard deviation in most Agi, values was less than
«Quand less than Q.hufor A A velues. A guentimet Image Analyser

ro meeasure the mic crostructural parameters.

467~
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TABLE 25 Mechanical Properties of DoﬁbieéﬁééﬁiTreated
Forged Material, TMI 700 ’

L

Forging Scoluti % | t
Temperature . Temperazﬁref Oys | Elongation | Reduction in
S | Su - keseis % Area % '
950 800 AC % 163.5 | 8 1 12
900 AC © 170.0 8 % 10
950 AC g 175.0 8 E 8
1050 800 AG | 1645 | 8 10
| 900 AC | AT1.5 | 6 8
| 950 AC 1 17640 6 8
1125 . 800 AC | 157.0 6 10
900 AC | 166.0 6 10
950 AC 169.0 5 8
950 800 0Q | 172.5 8 12
850 0Q 178.0 6 10
900 0Q 186.0 6 8
1050 800 0Q 172.0 8 10
850 0Q 178.0 6 10
900 09, 184.0 6 8 }
1125 800 0Q 170.0 8 10
850 0Q 175.0 6 8 §
! i
900 0 | 182.0 6 8 %
[T SRR S P i
A, = Air Cool T 0.Q. = 0il Quench
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rre. 74 (& & e) MICROGRAPHS OF DOUBLE HEAT TREATED
VATERTAL FORGED AT 9500C AND SOLUTION
TREATED AT THE TEMPERATURES SHOWN.
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FRACTURE SURFACE MICROGRAPHS FROM
950°C_AND 1125 C FORGINGS.

I 7C0

FIG. 72 (a & D)
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13.11.3. Ti/6A1/AV - Press Forged.

o}

Forging was carried out at 95000, 10506b,aﬁ 12506, As fofged

blanks, measuring approximately 4% in. x 1% in. x as forged thickness,‘
(ebout 1 in.), were cooled from 1040°C to 675°C at 100°C per hour.
Solution treatment was carried out at 800°C, 875°C and 950°C, water
quenched, followed by ageing at 51OOC for eight hours. Specimen
thickness, B, after wmachining was alweys B > W/? for a width of from
0.9 in. to 1.0 in., and a span S, of 4W.

Fige 73 (2) shows the effect of varying the solution treatment

temperature of alloy Ti/6A1/4V forged from 95000 to 112500 on fracture

toughness. In fig. 73 (b) fracture toughness Kyo is plotted against

forging temperature for the various solution treatment temperatures.
The mechanicsl properties for the above heat treatments are shown

in Tebhle 27.

TABLE 27 Verietion of Mechanical Properties of Do
Trected Ti/641/47 with Forging snd Solution
+

Treatment Temtersturss,

FPorging Solution Grs  |Blongation |Reduction in
Temggrazure Temperature IR » Area
G

950 800 135.0 13.0 18.0
875 138.0 12,0 15,0

950 152.5 12,0 15,0

1050 800 136.0 12,0 1560
875 139.5 12.0 15.0

950 150.0 10.0 15.0

1125 800 133.0 12,0 16,0
875 13645 10,0 14,0

550 148.0 10.0 14.0
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As forged microstructures are ch
microstructures of Ti/6Al/4V forged at 950
slow cooling, solution tr

in Fig. 74 (d - g).

for the 950°C

Alpha platelet thickness, l\gk_ and interparticle spaclng )8 are
ghown in Table 28,
The stendard deviation in most )\o‘» values was less than 1.2 A and

less than 0.7 2 for >\5 vaiues.

Fracture micrographs are shown in Pig. ’(5 (a & b)

o]

and 1125 °C forged alloy, solution

measurements being the ave

treated at 950 C.;

stment at 800°C and 950%C and aged are _hown

rage of forty fields.

TARLE 28 Microstructural Parameters for Dounle Heat
Treated Ti/6A1/4V
. Solution L )\o(,
Forging Temperature k 1 3 o )\Q
Temperature Rl ” g micrbrs microns
C (1}’1)2

950°C

105C7°C

800 W

300 WQ

875 WQ

950 WQ

8.3
9.06
9.0T
6.82
4.71
52

943
9.76
10.47
8.97
4.73
6.13

2.39
1.94
3.31
407

8,52
5.4

2647
2.26
2,32
542
6.92
6.86

1.89

W = Water Quenched

R

B




(c)
Forgedo
@ 1125 C

FIG. 74 (a—c)
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COR
S.T. 800°C WQ.

PIG. 74 (d & e) MICROGRAPHS OF JOUBLE HEAT TREATED Ti/6A1/A¥
FORGED AT 950°C AND SOLUTION TREATED AT THE

TEMPERATURBS SHOWN x 800




(f
S.T. 800°C WQ.

B i /641 /4V
ROGRAPHS OF DOUBLE HEAT TREATED Ti/
Fic. 74 (¢ & &) gggGED AT 1125°C AND SOLUTION TREATED AT THE

TEMPERATURES SHOWN x 8C




FIG. 75 (a & b) FRACTURE SURFACE MICROGRAPHS OF DOUBLE
HEAT TREATED Ti/6A1 /4V
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13.12 ifect of ing
13,12 iffect of Ageing after Forging on Practi
L SRt =0

As forged bla ; 7 / .
nks having been hammer forged at oot -
to 1100°C were air cooled after Forg: - ures from QOO ¢
B ing and aged at 500°C f ~
' C for twenty-four
nours. The thickness ; . '
ckness of machined specimens was = W/2 where W the ]
: . specimen

width was O.5 in. and the span S was equal to 4W

Values of fractu toughnes
acture toughness, Ki{c, against forging temperature for

t} a ed ma i i ] = LiGdaL
g erlal zZre Sf OWY Y E e ‘6. Il'e mecanar .Cdl pl(:up@"[:i@‘ o}
he pel S :f
. a1 o el P 4.7n £+ s |
‘teY}S cmples ch,chl;;ed irom L'].le Iracour ed 1’:8. VES Of tO"gh ne D
e s lica ugnness s eCimenS

are shown in Table 29,

TABLE 2 Mechzanical Properties of I
9 chanicel Properties of IMI T0C, Aged at 5OOOC

After Forging

Forging Ageing 6
Tempgrature Bemperature ys Elcngation | Reduction in
G O KeSelo % Area %
¢

Vicrographs of the alloy forged at 90000 and 1100°C followed by

in Fig. 77 (a & b) respectively. Representative

from the ahove heat treatments are

~
a8

]
photographs of the fracture suriacs
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FRACTURE SURFACE MICROGRAPHS OF THE ALLOY o
FORGED AT TEMPERATURES SHOWN AND AGED AT 500°C

FIg. 77 (c & d)

TMI 700
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™ ) by o A ¥ '
Blanks “that had been press forged at 950°C, 1050°C and 1125°C were

B r o o ' o
cooled from 1040°C to ©6757°C at 100 C per hour. Solution treatment wes

carried out at 9UO C for one hour, air cooled and aged at 50000 for

twenty=four hours. Testing wes carried out in %,5% NaCl solution on the

>

stregs corrosion rig and on the Instron. The crack length was fir

w

estimated by mea

hours. 1f no cracking had occurred

s
o
\J
(o2
(@]
@
=
o
&
o+
o
hey
&
o
b
e}
H
‘A
)

bt

forging temperatures in %5 per cent salt solutione

One specimen wes loaded tc 2 value which was greater than Kjygeg

but lower thsn K1o°

hour, cracking and failure occurred within twenty secondss

1361362 Double Heat Treated Ti/GAl/gz

Specimens measuring 4, 1n. X 1.0 in.

Tnstron in e similar

the fracture toughness values obteined.
qurfece fracture microg ephs

X Q o . 1 . ‘ S o
glloy of specimens forged at 950°C and 1125°C are shown in Xl1ge

(a % b)e

8

x_

uring the crack length on the two surfsces and loeding

/
S
.

indiceted by the deflection gauge), the stress intensity was increased by

o £ - . :
shout 3 Kesoio(in)® and held for two hours and repeated until faeilure

Pig. 78 shows stress intensity values egainst time for the above

Wwhen the selt sclution was added after half an

x 0.60 in. were tested on the

manner to the high strength alloy. Pig. 79 shows

¢ of the double heat treated IMI 700

o
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FIG. 80 (a & b) FRACTURE SURFACE MICROGRAPHS FROM STRESS
CORROSION SANPLES

TMT 700 IN 3-4NaCl
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13.14

Probe Analysis.

Electron Probe Micro

—-Analysis was carried out to determine the

effect of double heat treatment on the partition of alloying elements

between the alpha and beta phases.

elements within the alpha and beta phases.
The values ave only compsrable with respest to cudh otler

- basis and ave no¥ absolute Pige

TABLE 30

Varlatlon of Alloylng Elements with Heat Treatment

Table 30 shows the variation of

Heat Treatment

Ti/6A1 /52Zr /4)o /1Cu /0. 281

Alpha Phase %
Al Zr Mo

Beta Phase %
Al Zr Mo

STA 900°C AC/500°C

F 1125°%

1040°C- 675 S.T, A,
800°C 0Q,/500°C

1040°C- 675 C S.T.A,
900°¢ 0Q/500°C

F 900°C

1040°C- g75 C S.T.A.
800°C 0Q/500°C

1040°C-675°C S.T,A.
900°¢ " 0@/500°C

2065 1.15

5.19 5.58

3.71 8,67

547 5476

4,19 4.11

1,96 4.33

Ti/641/4V

2y

F 900°C

1020°¢- 675 C S.T.A
800°¢ Wq/510°C

1020°¢— 675 C S.T.A.
950°C WQ/51O C

F 1125°

1020°C— 675 C S.T.A
800°C Wq/510°C

1020°C~ 675 C S.T.A.
950°C WQ,/510°C

2.85 1.77

2043 2"50

152

2.06

I = Forged

S-T-AO =

Solution Treated and Aged
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13.15  Measurement of Physical Parameters.

13.15.1 Determination of Young's Modulus.‘

Values of Young®s Modulus, E, were determined by an ultra sonic
technique, the value of E being determined from measurement of the

longitudinal and transverse waye velocities.

Young's Modulus was determined from the formula

B-4.08x107% 0. gv 2oy, ?

F = density
Vg = Transverse wave velocity

Vi = Longitudinal wave velocity.

TABLE 31 Young's Modulus for Various Heat Treatments

Alloy Heat Treatment Young's Modulus
x 107 peseis

Ti /641 /4V as received (Forged) 15.8

" Double Heat Treated 16,0

Ti/6A1/52r/ Solution Treated 17.1
4o /1Cu/0.281 and Aged

" Double Heat Treated 17.0




13.15.2 Determination of the Work Hafdéniﬂg Coefficiente.

The work hardening coefficient, n, was dé%erﬁined as the sfraih

at instability from round tensile samples, Table 32,

TABLE 32 Work Hardening Coefficient for Various

Heat Treatments

Alloy Heat Treatment ok Har@eging
Coefficient
Ti/6A1/4V as forged 0.06 v
Double Heat Treated %
800 WQ 0.055
950 WQ | 0.045 ;
Ti /641 /57r/ Solution Treated 0,05
4Mo /1Cu/0.251 Aged :;
Double Heat Treated
800 0Q 0.04
900 0Q 0.035
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4,  DISCUSSION

14..1 Fracture Toughness Results

The three~point bend fracture toughness vaiuésrincluded in fhe ﬁroiest
all comply to A.5.T.M. criteris for plane strain fracture toughness testing
with one reservation. The thickness B, of the three point bend specimens
heve, in most cases, been greater than that required by the A.S.T .M.
whose thickness requirement should be ¥/2, W being the specimen width,

%here the variation of thickness with toughness was being investigated,
naturally the thickness criteria would be inoperable.

Since the alloys represent materials with widely differing toughnesses,
differing specimen sizes were used. The IMI 700 tests were mainly carried
out on specimens having a width W of 0.5 ine., a span S of 4W and thickness
B of sbout 0,35 in, Where different specimen sizes were used the values
of W and B have been reported. The T3i/6A1/LV frecture toughness values
nad dimensions of W = 1.0 in., span S of 4W and thickness equal to or

greater than % in. Tn all cases (except effect of thickness on toughness)

the A.S.T.M. criterion regerding thickness, that B = 2.5 (Kﬁg/ﬁ&s) was

obeyed.
Compact Tension specimens again concurred with proposed dimensions

in all cases except thickness, which again should be W/2, but was always

less than that figure.

Tor all the fracture toughness values quoted the displacement at

0.8 Pq was less than % of the displacement A v1 &t Pq (Figo 10) 6

: s 9 o £
Tn general fatigue cracking was carried out so that the last 0.050 in.

was propagated in greater than 50,000 cycles, except where the rate of

fatiguing on toughness w&s being investigated. The last 0,050 in. was

usually propagated in about 100,000 cycles with 2 A K of less than 50%

of K,, *o keep plasticity at the crack tip to & minimum.

-4 G7=




The crack length was measured 8t bott o aﬁ@ é% .
§ M Ra g QAL &

maximum position of the crack front the crack iéﬁéﬁg, &, being averaged by:

a = atl + a2 + 22 max

L

1h.2 Strength and Ductility in Titanium Allovs

For solution treated and aged alpha-beta titsnium alloys there is an

inverse relationship between the strength and ductility parameters.
FPigs. b4 (2) shows this relatiounship for alloy Ti/6A1/4V, solution treated

at the temperatures shown, and aged at 510°C. The strength parameters

increase with increasing solution temperatyre in the alpha~beta field,

‘ levelling off as the beta transus is approached. Above the beta transus

the strength begins to fall off with increasing temperature. It can be
seen that it is unlikely that yield strengths in excess of 160 Kosoio can
be achieved in alloy Ti/éAl/&Ve With the increase in solution temperature

and increased strength parameters comes a fall in ductility parameters,

and once the beta transus is exceeded, the values become unagceptably low,
with the elimination of the equi-axed alpha.

The effect of ageing time on the mechanical properties of Ti/6AL/&V
is shown in Fige 4k (b)u Shorter ageing times would provide little
increase in strength over the overaged yield strengthe. Maximum sgtrength

ocours after about 2 hours ageing, corresponding to maximum hardness, in

. ()4_2\ i
agreement with the results of Fopiano et al, / for a solution treatment

. o
of 9450” water quench and en ageing temperature of 510 Ce

v

Apart from thermo pechanical treatment aimed at directly increesing

the strength, the only way available to increase the vield strength

gbove 160 keseie would be by using the alloy &as a base and then use

alloying to increase the strength. The work of Farrar and Mergolin

(section 8.1), has shown that by using a base alloy of T1/6A1/6V/25n

and alloying with small additions of Cu, Fe, Zr, C, yield strengths of i *

over 200 kose.ie. have heen producted with useable ductility parameters.

u198“




1%.3 VNariation of Specimen Toughness”%ifhﬁori’

It was initially believed that Ti/6A1/4V would Fove o nlon irein

£ ture t h o z L
racture toughness K, ., of about 60 kes.i, (in)? and & yield strength of

about 140 kes.i, Using the A.S.T.M. criterion for the necessary fracture
toughness specimen thickness, B, to produce plane strain conditions

(B = 2.5 (K1c/6§s)2) led to a velue of B of 0.45 in. A specimen thick=
ness of 0.5 in. was then decided upon and initial testing of the effect
of specimen crack orientation on fracture toughness wes carried out. The
values of fracture toughness recorded in Table 410 do not correspond to
plane strain fracture toughness values according to the above criterion,
but specimens 1.25 in. thick gave fracture toughness with similar values
to the 0.5 in. thick ones. For a fracture toughness of 84 keseie (in)%
and yield strength of 120 kes.i. a value of B of 1.23 in. is found showing
that the 1.25 in. thick specimens did correspond to plane strain values
of fracture toughness and could be designated Kﬁc for the as forged
material,

The values of toughness given in Table 40 with specimen thicknesses
of 0.5 in. can best be analysed by statistical means, for the effect of
crack path orientation on toughness.

A One Wey Analysis of Variance was used which gave a variance ratio
defined as:

F = greater estimate of the variance of the population

lesser estimate of the variance of the population

2 ~ -
The variasnce S é{l ( x4 = X)
L:

H

n =1
The tern(Xi = X)is the deviation of each observation Xi, from the

arithmetic mean X of the n observationse. The F ratio determined from the

results of Table 10 was 3.61 which 8t the 5% level of significance

indicated that there was & aifference in toughness with respect to

=199~




orientation, but in this region more vaiﬁeézﬁéréyfe uiredo

A specimen of orientation C would be approximately aligned after
forging so that its crack path would be through the thickness of the
forging. Such a forging operation would be the starting point for a
disc for the low pressure turbine of a gas turbine (Introduction and
Fige 2)3 The axial stresses in a rotating disc are negligible and thus
it wonld be unlikely that the disc could fracture in this direction.

I _— 3 Jhk N 5
Neglecting orientation & a one way analysis of varisnce on orientations

A, B, Dor E gave an F retio of 2.25 which at the 5% significance level

i vz 3 . . . .
i indicated that the specimen orientation variations had no significant

effect on fracture toughness,

Orientations A and E were the same except that three point bending
was used on orientation A specimens and compact tension specimens on

orientation E. When small numbers are being analysed Besselfs correetion

S —————

(n = 1) /h, can be used to find the best estimate of the population

variance from the sample variance S .

6'2 - n/ (n=1), S2

The values of 6'2 for A and E orientations were divided to give an

T ratio of 7.69 which indicated that no difference existed between the

two sets of values at the 5% levele

A similar approach can be used to compare three point bend results

. with compact tension results. The variance between semples A, B and C

. . .
was compared with the variance of D and B, agaln using Bessel's

. . . . p o
correction for small sample slzes leading to an F ratio of 1¢54s Again

there was no difference between the values obtained in bending to those

obtained by tensile mednsSe.
n variation in IMI 700 was determined

The fracture toughnesa/orientatio

- P ) "‘[‘ 42
! i b g
F 1 .{ 1 ] 2 1 . . 2

- r 8 l

3
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v

orientations except B which showed & 5éfpér{eeg_ /ggggasé,f-The fréc%ufey;
toughness values all comply to A.S.T.M. criterié; a:%hiokness of”oﬁly ’
0,035 in. being required to satisfy the plane strain thickness eriterion.
Ko values obtained by I.M.I. on a forged, solution treated and aged
1

billet are ebout 23 kesei. (in)ﬁ, being in agreement with the present worke

A one way analysis of variance using specimens having e thickness
of 0.5 in. gave an F ratio of 47.7 which at the 5 per cent level indicated
2 significant difference in toughness with respect to orientation. The
relationship between the orientation of test specimens in a billet to
those of an upset disc of materiel is & difficult task to determine, due
to the inhomogenous flow of metal during working. Generally specimens
of orientations A and D would have their crack paths aligned roughly
along the fibre direction in the upset disc, but B type specimens would
have their crack paths running across the fibre pathe.

The stress distribution in a hollow rotating disc &s characterised
by a gas turbine disc is such that the cetrifugel force produces radiasl
and tangential stresses, 0 r + 0, Fig. 81, within the disoc, the stress
in the axial direction being negligible. The maximum principal stress

is always tangential for a simple disc, but at the centre of an unbored

disc Or equals Op, Weldren et 31(113) have shown thet the maximum

principal stress at any point in & disc could be correlated with the true

fracture stress, to predict disc failure. Work carried out at the

. s ns b - ) timate
National Gas Turbine wstaeblishment indjcated that the true pl imate

tensile stress coulé be better correlated with the everege tangential

stress. Since the meximuom principal stress in a disc 18 tangential,

. ~ ¢ . R s q m,‘
crack propagatjon is most likely in the redial direction; 1e€e along dny
fibreinge.

Winne and Wundt(ﬁqh) nave correlated the sverage tangentiel stress
¥ 4 o

y 7 : large, bored and notched
with the strailn energy release rate Gy on ge,

discs. The G, values from disc tests agreed with Go velues obtained by

201 -







siow bending. .

1

Initial measurement of the yield stress of as forged Ti/6A1/LY

revealed some variati 3 . . .
lavion in yield stress in the longitudinal direction

but average out at about 49 ; T X
& out 120 kesoi, The transverse directions have a

slightly larger yield stress than the longitudingl direction, Table 19 4

42 . .
though the elcngation ang reduction in ares values are similar,

1holiet Fracture Micromechanism in Forged Ti/6A1/1LY.

J . .
Both the replica and scanning electron micrographs show that the

fructure process in as forged Ti/éAl/QF occurs by a ductile micro=-
pechanisms. Two main sizes of dimples occur, the larger being 8-10 P
(Figs. Lba & L45c) and the smaller being about 2 By (Figs. 458 & 45d),
A cross section of the path of the crack through the microstructure
(Fig. L6} indicates that the crack path is mainly intergranular, the craclk
running through the beta phase or along the alpha~beta interface. Since
the beta phase decorates the elpha grain boundaryjthe path of the crack
is intergrenuler. Microgrephs of regions adjacent to and ahead of the
crack (Figs. 48 a~e) indicate that voids from within the plastic zone at
the alpha end beta phase interfaces (Fig. 48 by ¢ & d). Voids form to a
greater extent ahead of the crack, than adjacent to it, indicating a
Dugdale type rlastic zone operating, (Fig. 6).

Some nucleation wes also observed within the alpha greins, though

small particles of trensformed beta do occur within the ol grains and these

could be associated with the voids. Metallographic exemination of the

microstructure adjacent to the fracture surfaces showed that the structure

: ot T 5.1 ] ticnality in the
was essentielly the same except for some grain directio y

IR

longitudinal direction.

(Fﬁp 48&) ig of a section back from the crack tip, where the crack

has probablv devieted past the grain. When this region was ahead of the

o grains directly ahead of the crack,

crack, voids formed around the
. 2 i it ars
but few voids occurred on either side. In the section shown it appe \

. - few zrai but since we are viewing a
that +the crack has jumped past & few gralins, but X

205~ L




three dimensional a s . / - .
Y 8 rray in two dlmeHSIQns’lt/Seemsﬁprebable thet the crack

’.h

dev

(9]

ha ated sligh

tly out of itg mejor path,

Final fracture occu ¥ i
curs by the hecking down of material between the

voids to give a fracture appeerance similar to that shown in (Fig° 45&)0

2 - . ) .
1helo2 Fracture Micromechanism in Soliition Trested and Aged THT 200.

The fracture path in solution treated and sged INI 700 ocours through
the alpha phese and around the beta phase (Fig, 49 a&b)s 1In the
micrographs the alpha phese is darker than the transformed beta phases
Voids can be seen to occur within the alpha phase but meinly at the alpha=-
beta interface. (Fig, 492) is a specimen that has been fractured,
sectioned in mid thiclmess, plated and polished. The fracture path can
be seen to deviate past beta particles which mainly occur as discreet
perticles in a fairly continuous alpha matrix., Since the crack path
(through the alphe phase) is fairly continuous, little barrier to erack
propegation occurs, the crack only deviating past transformed beta
particles along the crack path. The micrograph in (Fig. 49b) is taken
from the surface of a specimen that was polished and etched priocr to

frecture., Slip lines are visible in the alpha matrix, voids being formed

(100)

at the alpha-beta interface similarly to the Stroh model modified

by Smith and Barnby“m)° In this case however, fracture occceurs not in

the second phaese but by decohesion at the interface between the two phases.

Visuel inspection of the fracture surface shows a flat fracture with
little plane stress region ( 5% shear lips). Even though the frecture
1

toughness, K, , is only 20 KeSei. (in)? and the fracture appearance flet,

the micromechanism is still ductile. Micrographs of the fracture surface

(Fig. 50a-c) from orientations A, B and D shows the dimples characteristic

of a ductile frecture. Little difference in fracture appearance occurs

s 4
: ; 3 i a difference in toughness, though
between orientations A and B which have

in the polished microgrephs some directionality does occur in the forging

direction. Tt is in this direction (TR) which crack propagation ocours,

~205~
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i1 ientati A - - v ‘
in orientation A samples, and perpendicular to the forging direction in

orientation B (RW),

145 Yariation of Fraecture Toughness with Specimen Thickness

The thickness criterion for solution treated (9OOOC AC) and aged

500°C) INT 700, thet B = 2.5 (K,o/Oys), is about 0.035 in. at a Ko
1 T
of 20 koseio (in)? &nd a yield strength of 168 k.s.i. Fig. 51(a) shows
over the thickness range from 0.060 in. to 0.5 in. that the stress
intensity parameter)Kﬁ is independent of thickness. Shear 1ip percentage
was less than 5% even in the thinnest specimens. The toughness values

shown in Fig. 51(&} can all be classed as K

e values since all specimens

satisfy recommended practice for fracture toughness testing.

As forged Ti/6Al/4V has a Kﬁc of about 84 kosoie (in)%.and a yield
strength of 125 kes.i. Application of the thickness criterion gives a
thickness of 1.25 in. to give plane strain toughness values. A thickness
of 0.5 in. gives the same Kﬁc as one of 1.25 in. QL) B = WQ(K%C/GyS)Z
Fig. 51(b) shows the apparent trend of decreasing toughness with

decreasing thickness. This is contrary to the usual trend and also

3
contrary to work performed on Ti/6A1/LV by Tiffany(115’. The decrease

in toughness with decrease in thickness is not consistent with the

percentage slant fracture/thickness (Fig. 51(b)}whieh increases with

decreasing toughnesse.

Displacement values &t 0.8 Pq were all less than % of the digplacement

at P_o. A similar trend of decreasing toughness with specimen thickness
q
\
was found by Jones and Brown' 6/ in 4340 steel with crack lengths of

0.27 ine, 0.50 in., and 1.1 in., the a/W value being kept constant at O.b.

At specimen thicknesses of about 0.2 in. the smallest crack length

o 7
gave the lowest toughness. Table 4} shows that the toughness of Ti/6A1/LV
¥ Q@

. s iation of X with
varies with crack length in a similar manner to the varistion off £,

; ; i 5 aching a limiting value at similer
specimen thicknessgs Fig. b1 (b),re g

. . Bro t
values of crack length and specimen thickness. From the presen




investigation it seems that +o 4 - ,
S ms that to investigat :
¥ -"f . .
a1 ffects on fracture
toughness one should v . & 2 =
< should use & bend specimen of constant width and crack
length, and vary the thickness.

146

Variation of the Stress Intensity Parameter with Certsin Test

Variables.
) 64
116641 of Tatiene Cracking on IMI 700

0 in. of most specimens were grown in greater than
50,000 cycles, usually in 100,000 cycles. Tncreasing the rate of fatigue
cracking by raising the stress intensity, can lead to a higher vslue of
the stress intensity factor ch, Increasing the stress intensity factor
will lead to a larger plastic zone at the fatigue crack tip which can
affect the frecture toughness by increasing the (K, 0/6&5 ratic.
Varying the number of cycles to propagate the last 0.05C in. from 100,000

to 10,000 has no effect on the stress intensity of solution treated and

aged TMI 700, Fiz. 52(s). This is due to the fact that with a low K¢
1

N . £ N . . . . .

20 k,5.1.(in)? and high yield strength (168 k.s.i.), the plastic zone

kY M . . ~ ! . . .
at the crack tip is very small (4D microns). Fatigue crack propagation

was carried out at a stress intensity of less than helf of qu, the

.

plestic zone being proportionally less. Even increasing the propagation
1
stress tensity from about 8 kasalﬁ(in)a almost to the Kﬁc value will

nly increase the plastic zone by & small amount and therefore the

stress intensity will be very similar to Ky being insensitive to the

rete of propagation over the range studied.

1L..6,2 Effect of Notch Acuity on TMI 700
whereas the K o of solution treated and aged TMI 700 is
Zhereas the &

ihe pate of fatigue cracking over the range

0,010 in., Fige. 52 (v), A*large amount of energy

£ b
i soaitiatid o crack from the root of the
has thus been used 1D initiating & cr

sage of a finite root radius the initiation




process controls the toughness rather than fhe~€5ughnesg beine mea°u%ea

at a certein va 5 . .
lue of crack extension., Since most engineering struetures

are subject ti
su to fatigue, either in air or in 8 corrosive medium, Lt is

relevent to use & method of testing where the specimen under test slso

uges a

atha .. . , e . R
a2rp crack from which the initiation process has been eliminated.

Crack iﬁiti&tion has been shown to influence the fatigue 1life in thin

117) e
SeutLOﬂ53 the initiation process occupying almost 90% of the fatigue

1life.

14..6.3 Spé&ed of Testine on IMI 700

Strain rate sensitive materials usually have lower toughnesses as

oy Ti/6A1/LV, however, shows the opposite

bT"

the strain rate increasess

trend (Fige. 11), increased strain rate leading to increased toughness.
By varying the Instron cross head speed between 0.02 cms./min. and

50 cms./min., it appears that the toughness of solution treated and aged
IHT 700 decreases until at 50 cme./min. the toughness approaches zero,
Pig. 53. The shape of the cumve appears wrong, since even at the highest

~

cross head speed a finite toughness would be present. The most likely

X

that the Bryans X=Y plotter was insensitive to the rapdd

=

ansy a

W

er

2

changes in signal from the Instron load cell &t increasing cross head

speeds. An ultra-violet recorder wes connected to the load cell output

and with & chart speed of 25 cm./sec., load-time graphs were obtained,

Maximum load velues were used to compute the stress intensity values.

This is quite in order, since maximum load velues are used for the

solution trested and aged material, when the load/displacement curve 18

s 1 ~haud '
ced using a clip gauge, the materiel benaving elastically up to

crack ext on due to the 1low toughnesss

From the toughness values obtained usiilg theU-V recorder Fig. 53, it

can be seen that solution treated and aged IMI 700 is not strain rate

range investigated. This is unlike

sensitive over the Cross head speed

Y o al 1o, 4 to be strain rate sensitive
alloy Ti/6A1/4V which hes been SOOWD (Fig. 11) 7

=207 =

SR




where with toughness and yield strength - .
= 6 "f@a Slng strae in

rates Both alloys wer X o _ v

5 loys were tested in the solution treated and eged condition

over a similar range of strain rates. On the basis of the.Beeuwkas(27)

a 101 44 . ¥

explaination (section 5.2), the increase in the slope of the stress strain
F . .

curve with strain rete for IMI 700 would not be greater than the increase

3 a a EWRN ot

in flow stress with strain rate. The %toughness would not then follow

3,

| he increase in nes : . . . .
e toughness and yield strength with increasing strain rate

<t

¢

as exhibited by alloy Ti1/6A1/4V,

The Bryans recorder does not appear sensitive enough to measure rapid
changes in load cell output over cross head speeds of about 2 cm./mine ,
s U~V recorder being more accurate.

-

14,7 Effect of Solution Temperature on Toughness and Mechanical
Proverties,

Prodi=rtin@ S a2 Y

%

et . o
Varying the solution temperature between 800 C and 95000 of air

cooled TMI 700 has only a slight effect on the fracture toughness of the

o

equi-axed alloy, Table 15. Solution treatment above the beta transus,

oroduced the usual combination of high toughness and low ductility. The

vield strength of beta solution treated material was 10 k.s.i. lower

than the 90000 solution treated alloy with almost double the strengthe.
to
Acicular alpha precipitated in the matrix offers a resistancefcrack

Tncreased toughness probably results

L]

propagation, Fig. 54 (& & b)
from the structure consisting of discontinuous elpha in a beta matrix,

instead of beta in a continuous slpha matrix which occurs in the alpha-

bets solution treated alloy. Varying the solution temperature will also

affect the alloying elements in solid solution, such as Mo which is the

A

solution treatment temperature

main beta stabiliser. Increasing the

. : } 1 : resent, with the Mo
leads to an increase in the amount of beta phase pre s

e )

i The decomposition products formed

o

content of the beta phase diminishes.

by solution treatunent and ageing have not been studied, though they

should be similar to Ti/éAl/MVe _ ‘ﬁ

101 ature and aged showed
TMT 700 oil quenched from solution temper g

3 n o+ 1E
imilar toughness to the &ir cooled elloy, Table 15, thougn the yield
Siml ngniiz.s: - =

BRGNP
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strength was higher than the convenfiéﬁﬁll& olut res%éa é?lay'

Soluti r . . - ﬂ :
Solution freatment end ageing of Ti/6A1/4V between 915°C and 930°C

in the alpha-beta field showed an increase in yvield stress, Table’ié

and a decrea 1 y .
rease in tougnness, Fig. 55, The increase in yield stress and

decrease in toughness and ductility parameters is associated with the
- N J . G4 a 4 S
increase 1in amount of the hard beta phase present with increasing

solution tempera . +i #
perature Solution treatment above the beta transus again

3
&}

™

\1»41 i N
duced the highest toughness, though both strength and the ductility
parameters are reduced by solution treatment above the beta transus, due
o . P .
to elimination of the softer equi~axed alphs phase at the transus. The
- (107)
results show a similar trend to those of Curtis and Spurr s who
found that in Ti/6 © :
ound that in Ti/ AL/LV gquenched from 1040°C, the  martensite contained
I weight per cent vanadium, compared to 2 weight per cent iun the
m ey . 0

equilibrium alpha phase. Ageing for four hours at 650 C formed a

relatively coarse dispersion of enriched beta (16 weight per cent) in the

. . . / . - .
rior martensite matrize. The of martensite precipitated alphe in a beta

T

7

matrix, decomposition occurring by the reversion of o/ to beta followed

by precipitation of alpha in agreement with the work of Williams and

(40)

Blackburne

Alloy Ti/6A1/4V solutionalin the alpha beta field consisted of equi-
axed alpha in a transformed beta matrix. The percentage beta increased
from about 25% at 91506 to 70% at 9800C° For the alloy solution treated
in the alpha~beta field, Practure initiation occurred by micro=void

formation et the alpha-matrix interface, Fig. 56(a), and propagation

. s Y, - L 2
via the transformed beta matrix. The fracture surface was characteristic

of failure by micro-void coalescence, Fige 56(c), a sudden increase in

dimple density occurring at the fatigue=fast fractgre interfaces,

The microstructure of the alloy solution treated above the beta

ular alpha in a beta matrix. Voids form at the

transus consists of acic

o beta and develop into cracks Fig. 56(b).

5
interface between the alpha and th

209~




The fracti 51 . o . - -, -
he fracture surface is similar to material for e ,
e = . LIallSUS,

agein consistin : s
& g of the dimples, characteristic of a micro void failure
ro , ,

Fig. 56 (8).

1UoTet Beta Forging of Ti/6A1/LV

rr‘ E S g Y o £ 3
The fracture toughness of Ti/6A1/LV worked above and below the beta

transug, has been investigated by Coyne(1) and by Curtis and Spurr (107)
e de o &
s L S = Fal .
Both investigations found that large increases in toughness were achieved

by beta forging over alpha-beta forging. Coyne found that by beta forging

the toughness was increased by 50%1 The results of Curtis and Spurr
show that the fracture toughness could be increased from 55 Kes.i. (in)%
by rolling at 925°C to 105 kes.ie (in)% by rolling at 1090°C, almost a
100% increase.

Curtis and Spurr's specimen thickness was 0.5 in. in all cases and

are invelid on the thickness criterion for plane strain fracture toughness

1

testing. A thickness of over 1.55 in. would be required in the highest

2
toughness condition and even using & 1°(E%c/ﬁ§s) criterion,; & thickness
of 0.66 in. would still be required. Even ellowing for the fact that

the values are Kﬁ not an there is still a large increase in toughness

occurring by beta workinge
The American results are contrary to those found in the present work
on Ti/6A1/4V, where beta forging appears to have only e slight effect

on the toughness of solution treated and aged material, Table 17s

Fracture toughness values &are only increased by 5-40% by forging at

at 95OOCe This is an unusual result since lean

1125°¢ than by forging

beta stabilised alloys such a8 T1/6A1/4V are usvally amenable to beta

increased toughness and creep properties.

forging with resulting

14,8 Effect of Ageing Temperature o Fragture Toughness

2 [ o 9 :
The normal ageing temperature for TMI 700 is 500 °C for 24 hours.

1 Ageing at 575°C and 660°C produces a graedual increase in toughness from It
: o 4 - + g

1 % o .
2 K of 20 KeSeie (in)? to 06 ¥.s.1. (in)® at 660 C. Fig. 57. The
4@ % 0 G

i
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mechanical properties follow the ﬁsual;tre - fﬁd’yiéidiSf”  a%'?f"

Aegreasing on increasgi i e
g on increasing the ageing temperat ure, whilst the duct111ty
paraneters follow the toughness.

fi‘h e 2 o yi s i
'he grein size of the alpha phase varies only slightly with ageing

doubled to 6.9 microns. Since the fracture path of conventionally
solution treated end aged INMI 700 is via the alpha phase, it seems
probable that the alpha grain size controls the fracture process, the
small variation in toughness being reflected in the small variations in
grain sizes

A variation in ageing temperature from 51000 to 67000 in alloy

1
T1/641/4V produced an increase in K from 46 kessi., (in)Z to

N

{
s\

6 ko

ds

\ . .
in)%, Fige. 58. Yield strength values were reduced on

i
e

n

X3

g

fde

ncreasing ageing temperature, but the ductility parameters were increased.
At Tution 1 + o aee® ;1 .
t & solution temperature of 955 C, ol martensite would be present
which on asgeing would transform to beta particles in the original
martensite matrix. JIncreasing the ageing temperature leads to fewer

but larger beta particles and & smaller alpha grain size.

14,9 Double Heal Treatment

Preliminary trials on both alloys had shown thet it was possible to

produce & varying interparticle spacing by verying the solution treatment

temperature, combined with yield strengths which were compatible with

conventionally solution treated and aged material. With double heat

treated INMI 700, little difference in toughness occurred between

o] o . . .
specimens cooled from 1090 C and 1040 C. This is & similar result to

69) )
the work of Goldenstein and Rostoker( 9) who found that the impact

a~beta alloy was insensitive to an orig >inal beta

.

toughness of an alpn

grain sige below 2 value of 2.5 mme The most important fact is that a

large volume fraction of aciculer alphe is produced by cooling well

0 s "
s S . " is borne out by the
into the alpha~bete field, i.€0 TO 700 ¢, This is borne © y



fsct nat the hi hest f'ractur o ' | ' . _
+ % g Ire are ‘toughnesses wepr : ing to
e ! e :e,{eci by coafl’ing to
675 C F_Lge /9 3 where the volume fracti on W&S &a may*it‘ 4rn 8 ﬁ +th
] - CAmurn v na the

interparticle spacing & minimum. Cooling to temPDKQtﬁfeﬂ'hiaher'iﬁ thé;
= &~ bt gl e L :

- £4 . . .
elphe-bete field produce correspondingly lower toughnesses, with a varying

Jume frectic £ 4 .
volume fraction of acicular alpha, Fig. 60. Table 19 shows that the

2o pT Aele enoes 3 :
interparticlie spacing is least at the highest toughness, whilst the
platelet thickness is fairly constant.

An increase in toughness of about 80% over conventionally solution

+
=
[
o

ed and aged material was achieved by the double heat treatment.

Vield strength values from 165 kes.i. to 171 kesele were attained, which
are the same as the conventional heat treatment. ZElongation and reduction
in area values of double heat treated material are lower than the

3

conventional heat treatment being 8% and 10% and 12% and 15% (trensverse)

respectively.

ipilar trend of toughness with temperature of cooling was found

A3
wmn

for alley Ti/6A1/LV when cooled from 1020°C to the temperetures shown

in Fig, 62. Optical micrographs, Fig. 6% (a—o) show: an increase in

volume fraction of acicular alphe end & decrease in interparticle spacing

by cooling to lower temperestures in the alpha-beta field. The inter=

o
varticle spacing veries from 25 microns by cooling to just below 900 ¢

to 6 microus by cooling to 67500, Table 20. Platelet thickness is again

0
ion temperature of 955 Ce

('12

fairly constant for the

-, . . 4 5
Ap incresse of over 20% in toughness wes achieved by the double heat

treatment over the conventional solution treatment. Yield strength

ralues were very similar being on average about 5% less than the

corventional heat treatmente

14 7 me olution Temperature
14610 Variation of K, with Double Heat Treatment S5 i P

of Ti/6A1/LV.

The fracture toughness and mechanical properties of Ti/éAl/kV

o] o B .
solution treeted at temperatures from 800 C to 979 °C, after cooling

~212= X




through the beta transus are shown in Fic.

) Y oqde i
he solution 7 + =
t tion tempersture through the range de

scribed above fésﬁi%éd’iﬁ’a
decrease in toughness, the results fitting a straight line reiatibﬂgﬁipv
Heating above the beta transus would eliminate the platelet structure.

Yield strength values ere similar to conventionally sclution treated
and aged material, Table 21, as are the percentage elongation figures.
The double hesat treated reduction in area values are 50*75%.of the

conventionally solution treated and aged values.

73 o4 et N $ s
Micro~void formetion occurred at the platelet alphe/matrix interface

o

{¥

:nd at fine alphe within the transformed beta matrix, Fig, 65(&)e The
. . . . \ o .
crack tip srea of material solution treated et 955 C, Fig. 65(b) shows

that the crack will take a wandering path through the microstructure,

i.e. & path needing the least energy for crack propagation. Fige 65(c)
shows an aree back from the tip, where the crack has deviated past an
alpha platelet colony inclined to the fracture path, the crack running
elong the interface between the two pheses. The creck then runs along
the platelet alpha/matrix interface and turns a right angle cutting
across several platelets, to return to the main crack path. A close up
of the creck/platelet interaction, Fig. 65(a), shows fine alphe in the
metrix as well as the larger platelet alpha, with the crack running
parallel to the major axis of the platelet.

Microvoids are not so prevalent in this alloy, unlike the high
strength alloy where large numbers of voids ocour around the cracko
Voids meinly appear to be formed ahead of the propagating crack with

1ittle formation around the platelets adjacent +to the mein crack front.

in alloy Ti/6A1/4V is low the joining up of

Since the void density

voids will take up more €nergy than in a high void density microstructure.

2
In terms of a critical crack tip displacement, 2V¢ , the low void

# < 3 ) . 3 .
density structure will heve a higher 2Vc than the high void density

structure, since vold growth and vold link-up ahead of the tip will be

. P SR a= I :
easier the larger the density of voldSe %%

=24 5= |




The fracture surfaces of the SQSGCi&

o 4tioﬁ'£feaﬁmég,33,f:
exhibit dimples characteristic of s ductil%j,e&;4uﬁe,‘Fig, 65'(€,£‘e)§' :
Tn the 800 C solution treated micrograph Fig. 65 (e), a}pba,plétélets
orientated perpendicular to the main crack direction, cause‘the crack to
deviate around the poorly orientated colony causing increased eﬁerg&w
ebsorption leading to increased toughnesse.

Alpha platelet thiokness!}ux, increases with increasing toughness,
Table 22;whilst the interparticle spacing , X[S decreases with increase
in toughness, both varying in a straight line relationship with Kﬁcc

14,10 Effect of Rete of Cooling Through Beta Transus on K?c of Double
Heat Treated IMI 700

Varying the rate of cooling through the beta transus has little effect
on the fracture toughness of double heat treated IMI 700 Fig. 66, Some
slight loss of toughness appears to occur at a rate of 2OOOC per hour
but this is only about 3 k.Seie (in}% for material forged at 1125°C.

Values of the alphe platelet thickness, Xd. and interparticle
spacing\)\@ (Table 23) for the 200°¢ ver hour cool are similar to those
obtained on the other rates of cooling. These complement the fracture
toughness values obtained in thet they alsc show little variation
between the various rates of coolinge

14011 Effect of Forging Temperature on the Fracture Toughness and
Mechanical Propertiese

ettt  IMI 700 = Hammer Forgedo

The combination of beta forging and double heat treatment on the

high strength alloy indicates that a considerable benefit in toughness

can be achieved over conventional alpha beta forging plus double heat

. N e n e 4 .
treztment, Fig. 67. An increase ol approximetely 30% in K, 1s

achieved over alpha beta forging plus double heat treatment and a 100%

i i C 101 7 i d d allo
increase in K4, OVer the conventionsally solution treated and aged Y e

Tn the case of hammer forging the work piece was not forged entirely

within the beta field, but over a temperature rangee. Only the initial

,
forging was carried out at the temperatures shown and when the blank

i
i
3
i
1
:
¢
&
i




was reheated to forging temperature.

A 100% rease in toughness over conventlonaily solution %reaﬁeé
and aged material can be achieved by beta forging plus double heat
treatment. The yield strength is only slightly lower then the nomﬁals
production heat treatment]since solution treatment at conventional

temperatures can be carried out after the production of the aciculsr
alpha phase. Table 24 shows that the yield strength varies only
slightly between hammer forging in the alphe-beta or beta range. The
ductility parameters were affected by the double heat treatment being in
o7

scme cases 50% of the conventional values.,

A micregraph of the allgy forged at 90000 and double heat treated

. \ . . . .
Fig. 68(&;, shows the change in orientation of the platelets, with
colonies which are poorly orientated with respect to the crack front
causing the crack to deflect from a straight path. Areas of transformed

bets between the platelets show smell dimples, having failed by micro=-

void coalescence.

The fatigue/fast fracture interface of material forged from 1100°C
and double heat treated, Fig. 68 (b & ¢) shows the intergranular fracture
thet can occur with the crack following the change in orientation of the
alpha platelet colonies.

The fracture edge/surface microstructure Fig. 68 (4 & e) shows that
the crack has run along the interface between an alpha platelet and the

matrix. The alpha platelet'’s major axis lies parallel to the crack

direction. Slip lines and fine alpha plates can be seen in Fig. 68 (e),

with slip occurring within the transformed beta matrix and within the

platelet alpha.

Thette2 TMI 700 Press Forged

Varying the solution treatment temperature in the double heat

LJ =+

treatment cycle of the alloy forged from 950 C i125 C produced &

variation in ch, Fig. (a). From the graph of ch ageinst solution

0 4 . s
temperature for the air cooled alloy, the fracture toughness varies

245~



linearly with solution tempersture in a
An increase of Kﬁc of over 50% over conventional solution %rea%e&f
and aged material is achieved for the 90000 air cool alloy that had
0 - . ' .
been forged at 950°C, Similar yield strength values were obtained to
the conventional heat treatment, Table 25, though again the ductility

parameters are about 50% lower than the Jongitudinal values and about

<

755 of the transverse ductility properties.

As the forging temperature is raised above the bete transus an
incresse in toughness is found over alpha-beta forging., Meximum benefit
occurs at the highest forging temperature of 112500. For material
forged at ﬁ12506 and & ‘solution . treatment temperature of 90000, air
cool, the toughness over conventional solution treatment at 90000 is
about 90%. This is comparable to the increase found in the previous
section which employed hammer forginge

The yield strength of materiel forged at 112506 and a double heat
treatment solution temperature of 90000, air cool, is only & few
percent lower than the conventional values., If Fig. 69 (a) is replotted
as K@G/Forging Temperature, Fig. 69 (b), one can see the advantage of

o
beta forging for the three sclution temperatures. Forging at 1125°C
produces a higher toughness than by forging Jjust above the beta transus
at 105000 with only slightly inferior mechanical properties, Table 25,

A similar trend to the air cooled results is obtained by oil

the double heat treatment solution temperature, Fige 704&)0
1

o of 20 kes.i. (in)%. At

quenching frow

Conventionally oil quenched material has a K

o} 0
the double heat treated solution temperature of 800°C for the 950 C

. . ) . . - ial.
forged alloy, 2 60% increase in toughness 18 achieved over the commerc

‘ % 1 ‘
solution treatment. By beta forging at 1125 C followed by a double heat

4
-

uehness is inc: 3 7. with a decrease of
treatment, the toughness 3.5 increased by over 100%, % c

1214 ili 1 . re agaln some
only 5% in yield strength. The ductility parameters are a8g

. . =
50% of conventional values, Table 25,

i
i




Forging above the beta transus, Fig

increasing trend of toughness with increas:
increas of 25% in I - + ; , - . .

o .
for the 8007C oil quench heat treatment, The as forged microstructures

p

£ T 70 roe ¢ Iy o ]
of TMI 700 forged at 9507C, 1050°C and 1125°C, Fig. 71 (a=c), show that

5 RN Rt S o
heating above the beta transus transforms the egqui-axed alpha phase into

a very fine acicular alpha phase.

Y ora B pansg 539 3
Micrographs of areas adjacent to the crack path, Fig. 71 {d-g), show

U s S AT + P TS A K s
void Tormation at the alpha-matrix interface and the growth and coalescence

pacings voild link-up can be more easily achieved, since the fine
interplatelet spacing contains the cracks, which either have to fracture
the platelet or to link up by running around the platelet.

;

The fracture surfaces of the 8OOOC solution treatments from both
the 95000 and 1125°C forging, Fige. 72 (a & b) show alpha colonies which
are so orientated as to cause the crack to deflect from a straight path.
In the centre of the 112500 forged microstructure (Fig. 72 (v), is a
colony where the crack has deviated around the alpha platelets and where

the transformed beta has failed by micro-~void coalescence.

1helte3 Ti/6A1/LV Press Forged

o
Varying the double heat treatment solution tempersture from 8007C

to 955°C for the three forging temperatures, produced Kﬁc values from
1

- . N2 s TS, . X

5l = 74 kesei. (in)<, Fige. 73 (a). Conventionally solution treated

1

. s N2

(955°C w.0 azed rH.OOC alloy has an average K = of L6 kes.is (in) %,
(9557C W.Q.) and 5 N ‘o

o
st treated slloy solution treated at 955 C and alpha beta
1
- . a7 .
of 56 k.s.le (1n)23 an increase of 20%. Yiel

The double he

forged has an average K1c

strensth values of the double heat treated slloy are only slightly lower
reng 2

1 heat treatment, Table 27. The ductility parameters
are agsain affeoted)with the elongation values being similar to the

i 1 ion it a values are almost
conventional heat treatment, but the reduction in area values &

halveds

247~
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Replotting Fig. 73 (a})wiﬁh K%c a
Fig. 73 (b), shows that less benefit is der

han by beta forging IMI 700. These results agree with these from mable*?? .
A08€ 1TOM 18016 1/,

where the value of beta forging on over alpha=beta forging 0 solutié'

+ 3 o
treated and aged Ti/6A1/L4V, was found to be marginal,
As forged microstructures, _Figa 74 (a=c) show & similar trenj to the
forging of INMI 700, working above the transus refining the alpha grain
PR
v

sige in fine acicular alpha in a transformed beta matrix. Forging

between 950°C and 1125 °¢ and solution treating from 800°C to 955 CB

vroduce varying interparticle spacings and varying platelet thickness.
The finest interparticle spacing and largest platelet alpha are produced
in the BOOOC solution treatment, whilst solution treating at 95500
produces the largest interparticle spacing with the finest alpha, Fige
7 (8-g).

The fracture surfsces of the alloy forged below and above the beta

transus Fig. 75 (a2 & b), show the characteristic ductile micro-void

coalescence fracture. Large dimples are present in both alloys with some

evidence of an inter colony fracture in the 112500 forged alloy. The
local path of the fracture in the 112500 forged material is disgonally
from right to left in the direction of the large elongated dimples.

10,12 Effect of Ageing After Foreging on the Fracture Toughness of IMI 700

Since the hammer forging operation was carried out at temperatures

which were similar to solution temperatures 1t wes decided to age blanks

after air cooling. Fig. 76 shows the variation of fracture toughness

. )
with originsl forging temperature,; for material eged at 500°C. The

o ..
toughness of <The glloy forged from 900°C shows a similar Kﬁc value

l 3 < > s .
(20 keseis (in)®) to the commercisl alloy, whilst an initial forging

- . .
temoerature which is above the beta transus produced & 65% increase in

toughness over the QOOOC forged material. The yield strength values are

i 1 ] rea aged alloy, thou gh
similar to the conventionally solution treated and aged all

] : 11 1 in ageing the oy forged from
inferior ductility paraneters result in ageing the alloy forge




above the beta transus, Table 29,

gy

\ micrograph of the alloy forged at:9§OGC/ana agé@,-Fig;'f7”fa ;
shows void formation within the alpha phese and at fheyalphaﬂﬁe%a bauﬁdéé&g
For the 110000 forged alloy, & micrograph from the edge of the SPe;iméh’
Fig. 77 (b), shows o fine precipitate of acicular alphe in beta. Voids
ocour at the interface between the two phases.

Both fracture micrographs, Fig. 77 (¢ & 4) show dimples though they

are small and shallow. There is no evidence in Fig. 77 (d) that the

g P - - .
alpha plates act as crack arrestors, neither does the surface micro=

structure of Fig, 77 (b).

1Uet3 Stress Corrosion

Double heat treated IMI 700 was found to be susceptible to corrosion

1,

he K, values determined in

o v . . o o §
in %.5% sodium chloride solution, Fig. 78. T 16

air, were reduced by about 25%

in salt solution to Kiscc values of about
1
26 k.s.i. {in)® for all three forging temperatures. The time to fracture

was very short being less than sixty seconds in all cases due probably

to a small specimen size. Rates of cracking of titanium alloys in

corrosive media are generally quite fast, i.e. 0.17 cm./mn, which should
preclude any dissolution mechanism for the stress corrosion of titanium

alloys. The specimen that cracked on introduction of the salt solution

hed been loaded to a K. which was between Kjgqq and Ko Since cracking

ocourred within twenty seconds a surface adsorption mechanism should

sccount for the above mechanism, where the adsorption of & species

(i.e, chloride ion) occurs onto the metal surface, where the passive

1e £ilm has been ruptured by plastic deformation. The surface energy

5 ate > 3
of the crack faces would then be reduced as was demonstrated by Colemen

(103
et 310\10‘—')

jected to the corrosive medium g

Double heat treated Ti/6A1/4V sub

proved to be only nerginally affected by the selt solutiol. Kisce

nof->

=

i. (d 8 4t % values of 56 kes.i. (in
values of about 52 koSsie (in)? as against K,  values 56 KeoSaele )

pNe

-]

were determined, Fige 7



Fracture micrographs of the~hiék,
1125 °C forged meterial show in the 515% g1
appearance to the feilure in air, Fig. 80‘55‘&”E)‘
deviates pest the alphs phase, whilst the beta fails by miCﬁ§*§6ia

coolescence,

ro 1l Fract Microme : 1 :
o1l Frecture Micromechanisms in Double Heat Treated Microstructures
>, - .y g

- .
Scanning electro: ra.p} 1 / :
g ctron micrographs of the crack path through the micro-
structure of IMI 700 ¢ I © © i
700 coocled from 1040°C =~ 675 C and solution treated st

)
Q1 T [
900°C, Fig. &1 (a2 & b) show the alpha phase as dark platelets with the

matrix appearing 1igl T 5 £ Fi i
tr ppearing light. The surface of Fige. 61 (a) is somewhat obscured

1 4. o
by the slight contraction at the surface due to the plane stress conditionse.

K Z Y
ig. 61 (b}, shows

N

=}

A micrograph from adjecent to the main crack front,

oY - - . K. ] s =
eracks in the matrix. Micro-veoids form at the alpha-bete interface and

Py

At O aTrhg nlgte = :
g+ fine alpha platelets in the bete phase, Fig. 61 (c}s the matrix

The high tempersture beta grain boundary can be delineated by

D

orecipitated alpha, especielly in a slow cool from high in the beta field.
. o 0

Sych a structure occurs by cooling frow 4080°C to 675 C where the fracture

is intergranular, Fi . 61 (4), with alpha platelets vigible as flat

plates between ductile areas of bets. More often the fracture is inter-

colony since several colenies of different orientation are found within

each original beta graine

Fracture will also occur via the slpha platelet if the path involved

n circumventing en alpha platelet is greater than that needed to fracture

}_l »

e platelet. Fige 82 (2) shows the crack following the interface between

8lpha pletelets with a low espect ratio, whilst Fig. 82 (v) shows the

crack having cut across several alpha platelets with & high aspect ratioc..

Large nusters of voids are visible at the interfaces between the phases g

linkage also occurringe. 1

[=]]

with voi

The voids which form at the alpha-beta interfece and within the

ander the applied stress, but can

transformed bets matrix, grow

220~




FT0. 82 (a)  CRACK DEVIATING AROUND ALPHA PHASE IN
DOUBLE HEAT TRBATED IMI 700

! DOUBLE HEAT TREATED IMI 700

p1c. 28 (b) CRACK PROPAGATING THROUGH ALPHA PHASE
T




T

contained from growing by the alp

interparticle spacing acts as an “éffeg&i”
glip lines are piled up against the V/
and Head and Louat(119>, have shown numher'ofidiSidéatiﬁas.iﬂ~f
e pile up is directly proportional to the grain size. The'inierpé%;iggé

spzeing will 1 mive { ai i
peeing wi be equivalent to the grain size, where the larger the grein

an « acle trolli 5 ing
n obstacle. Controlling the spacing hetween the alphe platelets will

N v s .
control the initietion of voids ahead of the crack tipe A higher

.’
s
joI]

e

a

¥

A ppl: stress would be required to provide the necessery stress

concentretion to initiste micre voids in & microstructure with a fine
A3 aT e s 3 s
rticle spacing, than in a coarsely spaced microstructure. Cracks

developing in a microstructure with a fine interparticle spacing Fige

74 (£), have less chence to grow then in one with a coarse spacing
Pig. 71 (¢) & 83 (), since in the coarse structure there is less
likelihood of the growing microvoids being contained by the alpha
platelets. In Fig. 71 (f) some of the cracks are contained by the
platelets but others have started to grow into the alphs platelete.
As well as controlling micro=void initiation, a fine interparticle
cnecing will alsc affect the propagation of the crack, with the

platelet alphe causing the crack to deviate pest the alpha. The path

of the crack will be more uneven in a double heat treated structure,

+than in a normal solution trested and aged one. The orientation of the

alphe platelets changes not only from grein to grain, but also within

each grain, &as several colonies of alpha platelets of varying orientation

exists within each grein. The energy needed to cauvse the crack to

propagete through the microstructure will be incressed because the

olution treated and

Frecture path is alterede Tn the conventional s

he continuous alphs phase and the

aged alloy the fracture path 1is via t

elpha-beta snterfaece. BY producing an acicular alphe phase 1n &

>a1pha phase 1s now discontinuous, whilst

transformed bets matrix, the

R
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FI%. 83 (a) SECONDARY CRACKS NEAR FRACTURE EDGE IN
: DOUBLE HEAT TREATED IMI 700

b
.

1 7. 85 (b) STEPS ON FRACTURE SURFACE TN DOUBLE !
' T TREATED LML 700 '




the transformed beta has become the cont.

to prepagate between

a change in alpha colony orientation ceusing a change in fracture path.
Fig. 83 (b) shows steps on the fracture surface of.ﬁhe high'strength
alloy forged at 1050°C and double heat treated. The steps are dUe‘£o(
the fracture path followinglthe interface between colonies of alpha
within an original beta grain.

When the number of voids ahead of the tip becomes large and they

PRSTN h] s . N . ..
start to coalesce, the alloy behaves in & similar manner to a fibre

reinforced alloy, with the alphe phese acting as & ductile fibre. If

the crack propagates into the alpha platelet instead of deviating past
it, the size of the elphas platelet will become important, as will be
discussed in the next section. With the crack tip moving into the alphe

phase the crack may become blunted by the softer alpha and a higher
stress would be needed for unstable crack propagation. Micro=hardness
tests show the alpha phase to be softer than the metrix. Probe anslysis

cates that for the high strength alloy the Mo content of the alphs

jor
o

n

}.Jv

nished indicating hardening of the trensformed beta phasees

;J-

hase is dim

Yol

Cooling from above the beta transus alsc causes reduction in the
percentage Mo in the alpha phase. Similarly for alloy Ti/6A1/LV,
forging above the beta transus reduces the V content of the alpha
coupled with a slight reduction in Al content. This egain leads to a

soft ductile platelet alpha which causes crack arrest by providing &

high energy absorption barrier to a propageting cracke

14,15 Critical Defect Size of Cracks

] ; ; 1CS s he value
Linear Elastic Fracture Mechanlcs enables one to use % Fﬁc

Yo compute the size of defect at which craeck extension will ocGure

: n £ e ecritical flaw size from
In Section 6 eguations were presented for th

. . el ; size at a known working stress:
which one can eveluate the criticel flaw size

. crack hes now

the alphs platelets,l%i&?ﬁhg_aiéhaube%a ihterféce,v

R e




Yor a surface flaw with an

aspect ratio of 1(

severe condition, a value of one is obtéine&ECF

o 1 2
= - —— KQC .
1 21,{..( "‘"““‘“‘6 soooa‘eooe\(11+)
L4
in equation 14 for Q.
T
Teble 3% shows some i 4 £ P
& 33 s some typical values for the flaw depth, a, at working
stresses of Uys/2 and Gys/41.25, si titans
, 1 Uys/1e£>, since titanium alloys are sometimes used
in gas turbines at up to $0% of the vield stress.

v o Anevo .2 A 7 .

The increase in toughness of 20% for double heat treated Ti/6A1/LV
over the conventionally solution treated and aged alloy gives a 50%
increase in the value of, a, for an eguivalent working stress of 6&5/20
For a working stress of 6&5/2 the flaw depth, a, is raised from 0.090 in.
to 0.135 ine. which is beneficial in a number of ways:

(1) easier to detect by non-destructive means.

(2) wuseful 1life of structure is extended since a greater
flaw size can be tolerated before defect reaches
a critical size.

(3) higher working load can be withstood,

For double heat treated IMLI 700 the 100% increase in toughness leads

to a four times increase in a crit from 0.01% in. in the solution

treated and aged condition to 0,055 in. in the double heat treated

. \
structure for a working stress of 88 kesels (~ Gys/2).

[

: ‘ 8 a ) 4 : b/ £
The value { a crit - ao) is a growth, during which the flaw can

grow frem an initial size 8o to a crit at an average rate of growth

da/3t. It follows that

a Crit = a@ + tf da/d't 6660006060060 (15)

where te is the time to failure. Thus knowing all the parapeters except

tf one can predict the 1ife time of an object from Fracture Mechanlcs
2 . _L - -

since from equetions 1k and 15:

—225=




TLBLE 33 Critical Defect Sizes

Moy . : Wmm—vawr-—--————.r
Be 4 Gys/2 | e crit | Oys/1.25| & orit |
k°S°i°(j‘n>2 kes°i° ins° chAvio il’lSo .
Ti/6A1/LV
As Forged 88 60 0,565 9% 0,22
SoT oA e L0 79 0.0 426 5
95000/ 5.?000 _ 7 i j OeOZ_/
- 79 0909 },‘,20 Oe035
50 79 .10 126 0.045
Double Heat 55 76 0.135 122 0.055
Treat a
reate €0 €9 0.190 110 0.080
€5 67 0.250 109 0.095
70 67 .30 109 0e11
75 66 0o3k 106 0.13
Ti/6A1/5%r/
%;/i Cu/0.281 50 88 0.013 135 0,006
D e il e
900°6/505°C
Double Heat 20 9k 0.012 148 0.005
Treated (OaQe) o5 94 ,020 146 0.007
0 88 | 0.030 142 0.010
35 86 0.045 138 0.015
L0 85 0.060 136 0.023
L5 80 | 0.083 1354 0.030

Solution Treated and Agedo

S QT QA.B
0.Q.

1

0il Quencheds

il




L Bre /
1.21TT \ @ = ay +tp dsfat
tp = 1 (e 2 .

1021 [1 "B:‘ O

10,16  Quantitative Reletionships between Fracture Toughness and

W E
]

Microstructure

1h..16.1 Relationshiv between Dimple Diemeter and Grain Size in
mi/641/LV (As Forged).

4

Normally in titanium alloys it is Impossible to match details off

£

s Ffracture surface with any microstructural paremeter, such as grain
. J(120) . - . s
size, Williams et al in a review of the properties of titanium
slloys could cite no work showing any relationship between the fracture
surface and any microstructural parameter.
. - ’ o
Tn the commercially annealed structure)\two hours at 700 C)}the as
forged microstructure is changed to a spheroidal beta in an alpha matrix,

Ligy

orged alpha grains being eliminated. The &s forged microstructure

o
-
[
n
)
=)

ists of alpha grains with the beta phase decorating the alpha grain

boundary. osince the fracture micromechanism is mainly void initiation

. > i L4 b - 2
at the alpha/beta interface, followed by propagation in the main at the

alpha/bete interface (Fig. L6 ), the fracture will be intergranular.

Tt should thus be possible to relate the fracture surface dimples to the

s 34 P icror nd. 8 microns
srain sige. The two meln dimple sizes are about 2 microns and © mMICrODS;

ig. 47, which compare favourably with the measure values of L

g

40 microns and B , 1 micron, grain S1z€Se

‘\




|9 ; Z 2 z s ; 7 ; '

ess conditions (equation 24), vize

and substituti vpi 2lues ¢ orged 1J%A1/LVu of KQ
s =3
alue for the plastic zone
The presence of micro-voids have been
in the scanning electron microscope, the

& small sample size curtailing further observation.

0% 5 Models Relating Fracture Toughness and Microstructure

e A 2 s P T,
Krafftls formula relating K o and the square root of process zone

1
size, O as he 5UCCH in predicting the relationship between
fracture and the inclusion spacing in steels.
caloulated values of the process zone size for both alloys using
s of the work hardening coefficient, n, are shown in Table 34.

Comparison of the values of dm ith the square root of the

from Fig. 84 {a & b) show that there is good

agreement between the parameters, both increasing with increasing

toughness high void density ahead of the crack +tip, volds

lmatrix interface and the crack

occur at almost every platelet/s

stage could be propagation across the alpha platelets to

s, (a & b), shows that the

relationship is a straight line for the double heat treated high

s ,
in the sir cooled end oil guenched conditions. The

values potted in Fige 8, (s & b) are shown in Teble 26. Statistical

7

e 35, the results shown in rr‘able 26, show that the

1ine relationship




TABLE 2%k

Caloulated Process Zone Size for Both Alloys

1
Alloy Heat Kio 5 aT calc, | 4T% calgs
Treatment K.s.is(in)? microns microns?
Ti/641/52r/ Mo/ | Double 20.0 3,38 1.8
10u/0.251 Heat
Treated 25.0 5626 2.29
n o= EOL[—
20.0 7.63 2.76
35.0 10.35 3,27
40,0 1345 3.67
~ X /4
Ti/641 /LY Double 55.0 19.0 k.30
Heat ~
Treated 60.0 22.6 boT5
n = oO;
g 5,0 26,45 5015
70.0 30.9 5456
75 QO 35" 509]"—

229~
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the 5 per cent level for both the aifigo’

4 "% test on the results (Table 35) show tha

1

cent level, the increase in toughness with alpha platelet thickness be:

a definite trend.

TABLE 35

Statistical Coefficients from Kﬁc/Microstructural

with increase in alpha platelet thickness is significant at the

Parameter Plots

Walo

H

Water Quenched

Parameters Coefficient of Degress tost
in Plot Correlation of Freedom '
Ti/6A1/5%x/
LMo/1Cu/0.281
1
X,/ \ot Za.C. 0,641 17 3045
1
X / Aol 2 0.9. 0,767 16 4o 79
o
! £
2 16 17 ho62
Koo/ AR ° 2:Ce 0.7%
Ve 849l
T 2 Oa(‘ﬂ 0691 16
5o AP §
Ti/6A1/LV
1 a
Z Z8 16 10601
K?C’/ xi - ¥ sQo O¢9J
7.95
Ko/ KB 2 Wel 0893 16
AoCo Air Cooled
0.0, = 01l guenched




ed and oil quenche

alloys Fige 85 ( Yo ) . = -
alloys Fige ©5 (& & b), proved to be a straight line relationship, the
h 7 et o o g >

correlation being signifi + . . .
o ng significant at the 5 per cent level. The result of th

[Tl ok T 1 5 is 3 ienifi
t* test, Table 35, is also significant at the 5 per cent level showing

3]

a definite trend of

o

increasing toughness with decreasing interparticle
spacinge

The relatiocnshin

L

192}
o’
D
cj-
=5
D
[
=]
=~

10 and the above two microstructural

pasraneters can be written:
oy I Q § Ji
Ko = 5486 = 11,85 A B = air cooled
i
Kﬁc = 18,65 + 5.5% Aei v - gir cooled
. \ k
Bag = 79,81 - 28.865 /\B * - 0il gquenched
. A h .
Kyg = 10:49 + 16,08 Ad ~ 0il quencheds

The calculeted values of the sguare root of the process zone size
1
for alloy Ti/641/4V compared with <Xg( 2 are almost twice the square
root of the pletelet thickness. This is due probably to the fact that

. : . ]
1imited void formation ceccurs ahead of the crack tip, and the propagation

SRS I U Ty g1 e 3 $ a1
srocess is not one of fracturing individusl pletelets; but of the 1ink

oh

" §
up of the crack tip with voids several platelets away. Krafft's

equation can be modified for this heat treatment to give:

o

K, = En (2 IT .2dT)
t Lo

at ocess is one of the
Krafft model assumes that the fracture pro

g
Y P, : s ha matriz foilure across the alpha
linking up of voids rormed in the matrix by

g . opagating along the
platelets. Fracture also OCCULS by the crack propag g

. o
i :w. the path of fractur
interface between the alpha and the matrix, P

.
3 . i cast energye
depending on which process requires the 1

]
y E | 02 pop Ti/6A1/4V in the double

A plot of Kﬁ‘c/ /\9(2 and K‘!c’//\ﬁ for 1/ / / |
| nship, Figs. 86 (a & b,

streight line reletior

heat treated condition gave &

iA L LS 3 i e il

cent level, Table 25e
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A similar relationship befWeeanﬁcE&n&

¥e } - ; . ’
double heat treated TNT 700 will be observed:

—
o]
t

80@96 - 9@17 AB
2717 + 12,53 Aol

a : |
-~ water quenched
A

ft

= water quenched

. _1_ 4 .
Unit increa in eithaer A 2 AA z
se dneither A B % or A Z ror both alloys will result in

an increase dec = in K 3 3
or decrease in Ky Zeeo for Tif6A1/LV:

: 1 4

5 Srnes a3 - 2 o s 1 z

unit increasse in Af3 decreases K%c by 9.7 kaSals(lﬂ)c
1 1
unit increese in A<i ? increases K1c by 12.53 keSoio(iL)z

Y
Barnbv<4ok/ has alsc devi i i 1 3
{ 185 also devised an equation relating toughness and a

microstructural unit related to the slip band length, 4, {section 10e3)

be above criterion was originally developed for crack
nuoleation’it has & sgimilar form to the Krafft equation which was

-

developed as

N

& model for crack extension. t seems probable therefore
that the Barnby equatiocn can be used in a similar manner to the Kraffi
one, the nucleating condition and the crack extension condition being

gimiler but requiring different amounts of energy.

\

Substitution of the relevant values into eqguation 1A gives the

¢ stress that would develep in a material if plastic flow was

o
:

L
v
o0
-
fts

totelly inhibited:
1
. /e N2
Sy = K For X = 40 kegede (in)< and
1 =l .
(011 \Z r = 5,9 x 10 L ins., at crack
Lo r . ol .
N / ex'{;@nston; (Yy'y = 650 KesSole
If we allow the material to flow plastically the chenge in stress A6 =
. 7/ 7, 145 of the vield
O/EWactic -~ Oys where G’EL = 6§y and 6&3 ig some multiple of the yiel

(%
stress. A O/E will be the strain, A€ , at a distance r ehead of the

%
. x .t moc g
$ip, which should equal the strain at 2Ve , E being Young's moduluse.

A . e Fpiets s-r\anda
For an effective stress of 500 kesole (Gyy = friction stress),




velue of 180 kesedo for €ys, A ¢ is 380 1

Using this value of

A€ o calculate 2Vc from 2Ve = 2 @ (=
with & tip radius of 1.5 microns, 2Ve = 0.066 ﬁicronsb This is over
es5 than the 2Ve of 1.5 microns for a K of
A large part of this difference will result from the

- Xohv at 2 L VT de o a3
fect that 2Ve is cslculated at a distance ecoual to the plastic zone

radius and not a distance r ahesd of the creck tip.
/.
A4

Cottrell proposed that the region shead of a crack tip can be

represented vy & series of hypothetical tensile specimens. A combination
Fal 14

of the McClintock formula for the strsin distribution ahead of a crack
end the Trwin approximation for the plastic zone diameter will give a

relationship between the stress intensity and the distance sahead of the

creck tip over which = czrtain strein exists:

In the above eguation the tensile yield stress hes been substituted

for the shear yield stress and Young's modulus for the shear moduiuse.

2

e\ Oys

N

Kq = 2 'ﬂ Er dyS f

At crack extension K = K, and € = €f of the tensile specimen,
4

where € f is the fracture strain of the crack extension,

1
Ko = (2711 B.Gys. € £.r)°

This is a similar eguation to that derived by McClintock and

. ‘s asain proporti o the square
Trwin for Mode III fracture. Kgc 15 again proportional to the g

a4 L o 5 ¥ . e
rostructural perameter and 8180 to the strasin at fracture.

Jn

root of a mic

The fracture strain shead of a crack may not be eqgual to the
L(99)

Hahn and Rosenfiel

ﬁ'
m
...J
o
prs
;"a
—

. o e n
true frecture strain €L in 2

’ Lt B R ~ 1/3 C{
nave proposed that under plane strain conditions; € fag =% /3 €
have P

“23G




tensile test, the equation thep becoming

=l

Ko = 2 EGys,& f tensile.r) 2
z
-

Values of » calculeted from

Tsble %6,

the above equation are shown

in

Microstructural Peremeter, r, for the Double Heat

Treated Allovs

R r calc. with r cele,
Alloy e 1 |€fracture |er - €£/3 tensile € =€ F tensile
T kesaie(in)z tensile microns microns
TMI 700 20 0.06 86 29
Double Hest
Treated 25 0.06 135 Ly
30 0.06 19 65
35 0.08 197 66
L0 C.08 258 86
Ti/6A1/LV 55 0.15 320 107
Double Heet
Treated 3
65 0.15 1467 156
5 0.16 630 240

Values of r using € £ = € f tensile /3 are over an order of
magnitude greater than Ao( , Table 26, for the high strength alloy,
1 an even greater difference for alloy Ti/6A1/4V° Even with ¢ £ =
Eptensile there is still a large difference between r and.Ao{ o TFracture

strains of an order of magnitude greater than those measured would be

necessary for the criterion to give egquivelent values to A<X@

250~




Consider an alpha

D S et 1 . , . -
platelet in a double microstructure

a"t an oy " n &3 - e -
n angle to the mein crack fromt Fige 87. Since the plateletsmeet
the creck at anelex 5 ° 3
c angles between 0 ang 90% let the platelet be at an angle
. -

of 457 to the crack fronte.

For a platelet of thi s Ao
platelet of thickness Aﬁip) the stress intensity at ry will

o) + i~
be greater than the stress intensity at ro since:

K o 0( o op)?

£1s0c by using equetion 6 developed by Hehn and Resenfield(ﬁi) to

relate fracture toughness K. to the critical crack tip displacement,

%

Ve
* 2
2Ve = K
E 5&8
"
the value of 2Vc will be less at ro than at Tye

The values of 2Vec, the displacement at r, and r, can be evaluated

1
. : (90)
by means of the caleculations developed by Goodier and Field

and a
knowledge of the plastic zone size as was shown in Section 10.2,

For the high strength double heat treated o0il quenched IMI 700

1
h) 2

s
alloy with & K4, of 4O keseie (in) ; 2Vc  was found to be 4.3 microns,
This calculation is actuelly for plane stress conditions so that a
value of 7.15 microns would cccur under plane strain conditions. The

plastic zone sige ry can be approximated from the Irwin formule for the

plane strain case (section 3.4)

= 1 [ Fe
L T2 Gys
which gives a value 2ry of 230 microns (plane strain). Since we have
assumed the platelet to be at an angle of 450 4o the crack, our estimate
for ry (Aa() will be /\o( /0.707 which for Ao( of 10.6 microns will
give an rq of 15 microns. Assuming & nominal stress, 6/6&5 of 0.1 and

o . n e . - 3% et ~1 a4 S.‘
utilizing the Hahn and Rosenfield displecement - distance relationships

~2L 4=
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the \’G»l ‘s

«
2Ve for bt . . ok ' - .
or ‘the matrix using a Kje of 20 kes.i. (in)? gives a value

of 1.8 microns

un - i s . '
der plane strain conditions so that the acicular alpha

hot . as & orack o
should act as a crack arrestor as 2V matrix { 2Vr, snd cracking should

continue oug B!
we through the matrix or along the platelet/matrix inferface which
13 a preferred path.

FGI‘}1 N e~ o sy .
the lewest toughness exhibited in the o0il quenched double heat

1
NFUR-B
¢i.(in) glves & value of the critical

treated structure, a Kyo of 20 k.s
crack tip displacement of 1658 microns and a plastic zcne diameter of
45 microns. For a Q/@ys of 0,05 the vslue of 2Ve is 1.5 microns. This
is nearly the s=2pe as 2Ve matrix, therefore theoretically cracking mey
occur in the matrix or across the alpha plates,

If more energy is necessary to deviate past and arcund the alpha

platelet; than to crack the platelet, it is likely that the platelet

will be cracked. This is evident where long alpha platelets are

perpendicular to the main crack front and the amount of energy
necessary to deviete past the alpha phase is too great even though 2Vr
maybe greater than 2V¥matrixe

Application of the above criteria to double heat treated Ti/6A1/4V

using the highest and lowest Kﬁc values from Table 28, give:

TABLE 37 Parameters Used to Calculate 2Vr for Double Heat
Treated Ti/641/LV

* |
Kse 4 2Ve 2ry 2Vr
Kosoeie(in)? microns |microng |microns ;
7k 3246 1250 29.9 o
Sk 1.9 490 1l

QL%




The / , .
solution treateqd and aged alloj haed an avewagé*g”"
- Me

[\)l_\.

kKoSeielin .
L(in)® ana & yield strength of 155 k5.4, (Table 16). 4 plane
strain velue of 10,8 microns was caloulated for 2o - %hé’

isplacement at 2V i
2Vr for the highest toughness Ti/6A1/4V alloy was
* |
N , 3
above 2Vc matrix and conseguen

P L
vly the platelet should act as a cr

2

%

arrestor. For the low
- 2es Lower tough S 4y " ¢
‘ghness, 2Vr is agsin greater than 2Vc matrix

but only marginallv s , 3
4 narging SO IVI_. 5 g N .
J 80.  Metallographic evidence, Fig., 65 (c), however,

ahawa +he+ .
shows thet the p}_ 'te}_e‘tg do sct in part a

w0

crack deviators at the lowest

toughness values Table 38 summaer:
g e, Table 38 summarises the calculations and values used

in this section,
A comparison of vai A < g .
P alues of AR with the critical displaecement in
«®
R} i A and O
the matrix 2Ve wmatrix, shows in the higher toughness values in both

577 A a P o ey o K] &
ailloys, that the spacing is less than or of & similar value to 2Ve

m -t AT ~ 2 . . . .
The critical crack displecement model therefore gives & quentitative

T
Q
ot
Q
=N
w0
D
(@]
o]
o]
@]
o
e}
R
o2}
ez}
Q
3

toughness via platelet size
&nd spacing with the concept of a critical crack tip displacement being
exceeded over a certain distance.

From the Wells and Cottrell proposal that 2Ve/ fs = €& , if

Ps = a7 and € = .16, 2Ve = 4T (plane strain) for Ti/6A1/LV. A

Fod

comparison of dT from Table 34 and ?Vc from Table 38 shows that at a

1
Kz value of 75 kq,u'e(in)‘ the agreement is guite close but is rather
e
e
4

¢ - s (2.2 . P
less at the lowest toughness (K, =50 keS-le(ln) )a For the high

€ X 0,10 and 2Vec % dﬂf?e The agreement is excellent

1

. s N 2N n .
for the highest toughness <K1C = 40 koso1.(in)®) and for the lowest
toughness, (K1G 20 k.s,i.(in)%).




pPajesd]
389 eTqno(

ST AT HOsI) 930NdUS) 0% pos( sanyap

S - e
et g°ot 6°6¢ 9°2¢ el AR .l ATV EL
gt gl Gl gL gLt geg 0z pageady
Jedl] 8TqnO(d
T8E 00t foun
ey gl Gieg gLe/ gL 5°01l oh FEyAVan LY ahs

°reg e SUCIOTU SUOIOTU SUOIOT W HUQIOTU SUCIOTU mmgﬂvoﬂam@x
e£p KLI3BU OAZ IAZ € o0 OnTYg d K w0 A T Oly £oTTV
x JRTNOTOB LOAZ \
SQUBHOOBTAS

~245~




15, CONCLUSTONS

e A e W 8 Tarad
one way analysis of variance for crack Progagation in the

longitudinal a “
nd % - . :
ransverse directions for both alloys, hes Shown

»13(3E or @I { S y af e + l ) e QI
[P R = V] 3 Lon a \ ¥ ¥
l O 2% f CcT on tﬂe fraC ture ou :‘hn 83

o
Ti/6AL/LV, but the toughness of IMI 700 is orientati

on dependent.

5 f a i g i a [SHgr: i
; 5 t ST 1 LA LY 51 h& al 2 1enifi nt i {

between fracture toughness values obteined in bending to those

obtained by tensile testing.

9 * R .

2. scanning electron mioroscopy of both alloys in the conventionally
1 PRI AR A . . ,
heat treated conditions indicated that the fracture process is one
of void formation at the alpha~beta interface, Propagation is via

the alpha beta

e

nterface in Ti/6A1/4V and via the alpha phase and

{"D

e

erface

-

the alpha-beta int n the high strength alloy,

5o Correlation between dimple diameter and grain size was possibl
in the as forged Ti /GA;/LV alloy which failed via the alpha-beta
interface,

e The stress intensity parameter varied in an irregular manner
for as forged Ti/GAl/kv becoming lower on decressing specimen
thickness. This is probably due to the small crack length used
in the lower thickness specimens affecting the stress intensity.

2, . .
As forged Ti/641/4LV obeys a 1°ch/bys) thickness criterion. The
fracture toughness (K?c) of solution treated and aged IMI 700 is
idenependent of thickness over the range 0.095 in. to 0.5 in.

The fracture toughness of solution treated and aged TMI 700

\n
o

was found to be independent of the rate of fatiguing and speed 0;

ver the ranges investigated. The importance of & sharp

ot
[
w0
i
L-I .
R
o]

crack for fracture toughness testing wes emphagsised when the sharp

fatigue crack was replaced Dy 0,005 in. and 0.010 in. notches,

i i 91 i f K value of
the stress intensity rising rapidly from the 10

N




7o

9

10,

o

to about 7 ...
Bt 70 keseie(in)® for & noteh having & radius

PO}

20 kesai“(in)

of 0.010 in,

501 . .
olution treating both &lloys in the alpha-beta range led to

a decrease in ; - . .
: Kﬂc with increasing solution temperature, Solution

treatment a . . . .
nent above the beta transus increased Kﬁ to higher values
C Aad e

t I Chos s .
than those obtained in the alpha-beta field by refining the equi=~

o

ax alnha +o - .
xed alpha to & fine acicular phase. Ductility parameters were

50% of the alpha~beta values.

Beta forging alloy Ti/641/4V and conventionally solution
+*roatine a - 3 T4 3
creating and ageing had little effect on Kﬂc” This is contrary to

similar investigations carried out in the U.S.A. where up to 50%

increase in ch was observed,

The ©

The production of an acicular alpha by controlled cooling

2]
it
(o)
o
oR
1§
.
]
(0]}
N
2

ouble heat treatment), increased the toughness of both
alloys significantly, without decreasing the yield stress. The
double heat treated microstructure produced a 100% increase in
toughness over the conventionally solution and treated IMI 700 alloy
whilst the increase in alloy Ti/6A1/4V was 20%.

Beta forging of the high strength alloy produced a 30% increase
in toughness of the double heat treated material over alpha-beta
forging. Beta forging alloy Ti/6A1/4V showed little benefit in
increased toughness over conventional alpha-beta forging.

The fracture micromechanism in the double heat treated

. s 5 o] » e L2
microstructure is one of void formation at the alpha-bete interface

followed by propegation in the direction corresponding to the path

1i ! 7 hi ith long the interface
needing the least energy. This can be either along th

S5

between the two phases or across the platelets.

i t latelet
The interplatelet spacing between the alpha platelets

. .. . . .
decreased as the toughness increased, a fine interplatelet spacing

T T




126

> necessary

stres:s initiati /
55 concentration to cause void 1n1t1atlonu

The thickest alpha platelets were associated with the toughest

- N FR) F I . 5 o . A -
structures. Tn the high strength alloy a high void density occurred

in the plastic zons and the square root of the platelet thickness

o P T & LA b t e . ~ .
correlated with the Sguare root of Krafftts brocess zone size. In

)
: ye 3 2 P . . =
alloy Ti/6A1/LV +he cor tion is not so good with 4TZ Krafft

rel

l“\
o

being approximately twice the square root of the alpha platelet

Double heat treatment has incressed the critical defect size
by a fector of four for the same working stress in the high strength
alloy. In alloy Tif6A1/LV the value of the flaw depth a crit

. 7
increased by 50%,

i~3
»
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—
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it
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[
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-
()
juy
[0l
©
ot
+
~
0]
o
<t
]
o]
ay
'..J .
0,
o)
6]
ot
=
(D
'fi
Cr'

ngth alloy was
reduced by about 25% by testing in 3.5% sodium chloride solution.
Double heat treated Ti/6A1/4V was only marginally affected by the
salt solution, thcugh previous work had shown the alpha phase to

rack in the medium in the mill annealed condition.

P2} 8=




N

N

U

o

-\‘

-

09

REFFRENCES

J.E. Heit ' J.B.
Heitman, J, McClain, R.B, Sparks and J.E. Coyne,

Metels Eng. Quart. 1968, 8(3), 10-15
Aehe Griffith, Phil., Trsns, R, Soc. 1920, A221, 163-198,

Eo Orowan in "Fatigue a a
0 wen in "Fetigue and Frecture of Metals", 1950, Wiley,

o Tre . o3 Ty .
o Trwin, J.A. Kies and H.L. Smith, Proc. Am. Scc. Test.

b

Mater. 1958, 58, 64L0-660,
(A9
I. Sneddon, Proc. R. Soc. 1946, A187, 229-260,

Aeho Wells, Br. ¥eld. J, 1963, 10, 563-570.

AcHo Cottrell, Tron and Steel Tnst. Special Report No. 69,

1960, 281,

™

- Burdekin and D.E.¥. Stone, J. Strain Anal. 1966, 1(2),

GeRe Trwin, cited in ®™Plane Strain Crack Toughness Testing of
High Strength Metzllic Materials", ®ds. W.F. Brown and

J.E. Srawley, 1966, Am. Soc. Test. Mater. S.T.P. L10, 1186
D.5. Dugdale, J. Mech. Phys. Solids. 1960, 8, 100~10L.,

B.A. Bilby, A.He. Cottrell and K.H. Swinden, Proc. R. Soce
1963, 4272, 304-31k4.

B.A. Bilby, A.H. Cottrell and K.H, Swinden, Ibid, 1965,

A285, 22-3%,

G.T. Hahn and A.R. Rosenfield, Acte Metall. 1965, 13, 293=306,

A.P. Creen and B.B. Hundy, J. Mech. Phys. Solids. 1956, Ly
G.R. Trwin and J.A. Kies, Weld. J. Res. Suppt, 1954, 33,

Reference 9, 17
ibid, 25,
J.G. McMullin, Trens. Am. SoCe mech. Engrs.

S. Yukawe and

of =55
J. Basic Eng. 1961, 83, 5k1-550.

25,9



19.

20,

21,

N
N

N
L]
[

no
£
°

N
\
2

26,

N
~d

\

>

o0
@

3]
0O

\N
=y

AN \M
_P.-
-3

i
®

[ ]
(oY

AN
~J
]

W
X

N
O

JoE. Srawley, M.H. Jones ang .QF; Bro , . Res. aﬁ@'sﬁé;
7(6) 262-266. g |

H.W, Liv, Trans. Am, Soc. mech, Engrs, 1961, 835 2331,

PoCo Pari':* P]_" m -
®s Froc. Tenth Segamore Army Materials Conference,

QF P 3 3
11649 Syracuse University Press,
Aerospace Handb fei Pr
1 ndbock 1965, B4 V, Weiss, Syracuse ess, New York,
-
INI. Technical Sales Publication on Ti/EAlfkvs
. Yy U
Jalo Krafft, App. Meters. Res, 1958, 3, 88-101
. -]

. Hult and ® MeaC13 s
Jo Hult and F.A. McClintock. Ninth Int. Congr. Appl. Mech.
ppl. Mect

(_D

[0]=0y 4
1557 s °

0
1

1=538

(

3 €
g e T s O N
GoR. Irwin and J.A. Kies in "Fracture Toughness Testing and Its
.k 3 t &
Applications", 1566, Am. Soc. Test. Mater. S.T.P. 381, 114~12%,

R. Beeuwkas, Cited in Reference 26, 12

N

o

J. Frenmkel. Z. Phys. 1926, 37, 572-579,

Je Friedel in "High Strength ¥eterials", Ed. V.F. Zackay, 1964

H. Conrad and R. Jones in ®The Science Technology and Application
Titanium", 1970, REd. N. Promisel, Pergamon, Oxford and New

York, 489~501.

E.0. Hall. Proc. Phys. Scc. 1951, B6L, 74L7-753.,

N.J. Petch. J. Iron Steel Inst. 1953, 174, 25-28,

AT, Cottrell, Trans. Am. Inst. Min. metall, Petruol. Engrs.

J.C. Suits and B.C. Chalmers, Acts Metall 1961, 9, 854-860.

i

N.J. Petch, ibid, 1964, 12, 59-65.

N

/ C

imoto and M. Adachi, J. Inst. Metals,1966, 9L, 358-363

;
=3
42}
C
(..-

F.A,. Crossley, Trans Am. Inst. Min. metall, Petrol. Engrs.

1966, 236, 1174~1185.

¥.J. Blackburn, ibid, 1967, 239, 1200-1208.



N

o~

Ui

n
1

N
o

w

U
w
o

Ao Kelly and R.B. Nicholson, Prog. in Meter. Sc. 1962, 10, Rd.

%ol Finley and J.A. Snyder. Trans. &m. Tnst. ¥in, metall, Petrol.

J. LI RPY ;’% lll an 1 S J ~layc“ b urn . &/I;S e ‘A ]
§ N 1S AT A1 ' :
< e 18 T 9 TI‘ £

J .G T\})L‘J_r‘\].( voand $ a1 i - N -
vy oand J.W, Soretnax Soviet Technologv on Thermgl-=
N N - Moo+ YN I €
echanical Treatment of HMetals", D.M.T.C. Men morandum 244, 1969,
R oTT T N ¢
ZediaTi. LADS and H, Van vt 1e- 4 1 Prog i, 66
Sevete LAps and "o Van Zuilen, Meta] rog. 1954, 66(2), 103-104,

T fadd Aond . -
W.F. Mott and F.R.N. Nabarro. Proc, Phys. Soc. 19L0, 52, 86-92,

L. Orowan, “Symposium on Internal Stress 3n Metals snd Allovstt
5 and Alloys®,

SIS o ~ B - 5
1943, ITnst, of Hetals, London,

Acta Netall., 1560, 8, 612-616,

Bo Chalmers, Pergsmon, Oxford.,

B.E. Skoda and W.H. Meiklejo ohn, Acta Metall. 1959, 7, 675-675,

Engrs. 1950, 188, 277-286,

RoT. Jaffee, H.R. Ogden and D.J. Msykuth, ibid, 1950, 188,

C

Alpha~Beta Titeninm Base 41loys™, Finel Report on Wal Tr
401/303 - 13, September 1967,

of )
R.L. Fleischer, Acta Metall. 1562, 10, 835-842,

R.T. Jaffee, F.C, Holden and H.R. Ogden. J. Metals, 1954,

- A = 5 s
A.E. Jerkins. J. Inst. Metals. 1955, 84, 1-9.



-~

[+

1. P
H.R. Ogden, D.T, Maykuth,

,

40, HeR. Ogden Senth . 1 '
" VSR DT Meykuth, W.L. Pinlay and B.I, Jaffes. Trens

e i s LGS ¢

nE .
Am. Tnst,. Min, metall., Petrol Engrs, 1953, 197, 267«275
s &

N

1, R.T. Jaffee, 7.0, Holden and H.n, Ogden, ibid, 195, 20
1282~1250,
62, E.L. Harmon? Je Kozel and A.T7. Troianc, Treng, Am, Soc, Metals,
1957, 50, L1837,
53, F.C. Holden, H.R. Osden and © T ..
2 Mete Dgden and R.T. Jaffee, J, Metals, 1956, 8,
64? Ozd T , N
gaen, J. less«common
550 Rev. Aluminium 1957, 3 95
2ev BRI Ny 20y Zihy ?O'—”‘_)n
86, 88-~95,
57, He Margolin and J.P. Wislsen in "Modern Materisls - Advances
in Developwent and Applicationst 1960, 2, 225-325,
e8], F.C. Holden, H.R. Ogden and R.T. Jaffee, Trans. Am, Inst. Min,
metall. Petrol, Engrs. 1954, 200, 169-18),
€9, A.W. Goldenstein and W, Rostoker, Trans. Am. Soc. Metals,
1957, 49, 315323,
70 MeA. Greenfield and H. Margolin in "The Science, Technology
and Application of Titanium®, 1970, Ed., N. Promisel, P TEAMON
Oxford and New York, 795-808.
71 ¥.P. Fentiman, R.E. Goosey, R.J.T. Hubbard and M.D. Smith,
ibid., 987-999.
72. ®.%W. Gerberich and G.3. Baker in "Applications Related Phenoumens
in Titsniwn Alloys™, Am. Soc., Test. Mater. S.T.P. 432, 1967,
80-99.
73, C.¥. Carmen and J.M., Ketlin, ibid, 124-1LL.
e R.P. Wei, in reference 26, 279-289.
5o C. Crussard, R. Borione, J. Plateau, Y. Morillon and F. Maraytraey,

—
7

" AP
J. Tron Steel Tumst. 1956, 183, 146~177.



73,

I
5
°

(0
ON

930

‘O
’F»-
o

Jo Gurland and J. P)
rlar . latea
o Plateau, Trans, Am. Soc, Metals, 1963, 56,
L2 =)50
T i) P 3
Loz, Palmer, C. Sn
G er, G.C. Smith and R.D, Warda, Conference on "Physical
> £ ;o by - o
Basis of Yield and Fracture", Oxford. 1966, Tnstitute of Physies
P insta e oI 3 s
D, Broek in ®Trtermst s~ MO S
D. Broek in "International Symposium on Fracture Mechanics",
<

Kiruna, Sweden, 79672 193}

ihe

770"“?770

L.M. Clarebrough, ibid, 1950, A3, 72-78,

ToGo Palmer and G.C. Smith, “"Conference on Oxide Dispersion
Strengthening®, Ed. G.S. Ansell, 1968, Gordon and Breach, New York.

J.T. Barnby, Acta Metall, 79673 15, 903-909.

Aol . McEvily and R.H. Bush, Trans. Am. Soc. Metals, 1962,

To Cook and J.E. Gordon, Proc. R, Soc. 196, A282, 508-520.
F.A. McClintock, J. appl. Mech. 1968, 35, 363=371,

#.W. Gerberich, Trans. Am., Tnst. Min. metall. Petrol. Engrs.

J oM. Goodier and F.A. Field, in "Fracture of Solids" Eds,
D.C. Drucker and J.J. Gilmen, 1963, Interscience, New York,
J oM. Krafft, Avp. Mater. Res. 1964, 3, 88-101.

£

A.T, Birkle, R.P. Wei and G.E. Pellissier, Trans. Am. SoCs

Metals, 1966, 59, 981-990.

s Am. Soc. Test.

L R e e e

B

W.A. Spitzig in "Blectron Microfractography’

Mater, 1969, S.T.P. 153, 90-110.

s 5 fn MHToag atre = A
V.F. Zackay, Wi . Gerberich and E.R. Parker in "Fracture An

. . IS Ac mi )
Advanced Treatise', Ed. H. Liebowitz, 1968, Academic Press,

New York, 395~440.

e Yoty 20N



98.

99,

oy
Q
(@]

101,
1026

103,

1.085

113,

W.W. Gerberich, Trans. Am. Sog. Metals

m N s <
&.T. Hahn 2nd A.R. Rosenfleld, Reference 7

H. Margolin, P.A. Farrar snd M,a, Greenfield in "The

Technology and Applications of Titanium", 1970, 4. W, Promisel,
Pergamon, Oxford and New York, 795-808,

M.A. Greenfield and H, Margolin, Metsall, Trans. 1971, 2,
81}- 1 ""“847 e

C.S. Smith and L. Gutman Jo Metals, 1952, L, 150~151,
A.N. Stroh, Proc. R. Soc. 1954, A223, LOL-41u,

B. Smith and J.T. Barndby, Metal So. J. 1967
E. Smith eand J.T. Barnby, ibid, 1967, 1, 1
AHe Cottrell, Trans, Am. Inst, Min, metall. Petrol. Engrs.
1958, 212, 192-203,
J.T. Barnby in "Quantitstive Relation Between the Properties

of' Materials and Microstructure®™, 1969, Ed. D. Brandon,

Haifa, Israel,

JeTe Barnby, J. Inst, Metsls, 1962, 190, 271-272,

Q
R.E. Curtis and W.F. Spurr, Trans. Am, Soc, Metals, 1968,

- ~ Q
%W.B. Hillig and R.J. Charles in Reference 29, 682,
3 - = i
A.R.C. Westwood, in Reference 90, 553-605,
¥ . ‘?958@13 E:lgg Frac. Meoh» 7968;7 ?(1)3 ?7:.3]030

N.G. Tupper, R.M. Niemi, Eng. Frac. Mech. 1968,

rcy and M r, Proc. Inst. Mech,
N.E. Waldren, M.J. Percy and P.B. Mellor,

Engrs. 1965, 180(1), 111-126.



—
-
o

@

D.H. Winne and B.M. Wundt, Trans, Am,
Jo PBasic. Bng. 1958, 80, 16431658,

C. Tiffany, Cited by w.P, Peyne in Denver Conference on

Fracture Mechanics Ed. ¥.F, Payne, 1967, Denver, Colarado,

nE

VeH. Jones and ¥.F. Brown, NASA Report THX 1860, 1969, 1-29,

A.Ro Jack and A.T. Price, Metsl Const, and Br. Weld. J

-]

"""-#79@

G

1971, 3(11), 41

—n

A.K. Head and N. Louat, Aust. J. Phys., 1955, 8, 1-9,
J.C. Williams, R.R. Boyer and ¥.J. Blackburn in "Blectron

Fratc'togre,_phy"’ SaTaPe }4533 7968, Edo Aegv BI‘Othel"Sg Amﬁ SOC“

i}
O

1523

»

~255~

S e




ACKNOWLEDGENENTS

T would like +o thank Professor w.0.

pad

+
-
S
]

lexander, for provision

of laboratory facilities and Dr. J.T. Bernby, for continued help and

encouragement during the course of ny research. Grateful thenks

should also be accorded to the assistance received from the technician

staff in the Deparitment of Metallurgy at the University of Aston,

fge

Financial support during the research Programme was received

Rolls Royce end the University of Aston; with the titanium used
belng supplied by T.M.I. (Kynooh), all of whom I thank,

Finally T would like to thank ny wife for typing the thesis

(o]

and for her encoursgement during the period of research,



