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Deformation Behavior of Ti-S. 6AI-4. 8Sn-2. OZr-l. OMo-O. 3SSi-O. 8SNd
Alloy in p/Quasi-p Forging Process
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(Schoo l of Aeronau tical Manufacturing En gineering , Na ncha ng Hangk ong U nivers ity , Nangc ha ng 330063,
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Abstract: The hot deformation beh avior of T i-5. 6Al-1. 8S n-2. OZr- 1. OMo-O. 35Si-0. 85N d alloy in ~/quasi-~ forgi ng

pr ocess was st udied using isothermal compression tes ts over te mperature ra nge fr om 1 010 "C to 11 00 'c and st rai n

rates form 0.001 S - 1 to 70 S - I . The results show that t he flow st ress and mi cr ostructure are sens itive to thcrrnornc

cha nica I parameters. The processing ma ps based on the dynamic materials model at strain of O.3 and O.7 were estab 

lish ed . The optimu m deformat ion th ermomechan ical paramet er s at a strain of O. 7 have two region s that ex hi bit th e

peak of power dissi pa t ion eff iciency. One is th e region of 1062-1100 "C and 10- 3 - 10- 1. 5 S - 1 ; and anoth er which re

presents dynami c recrystallizati on is 1010 - 1 01 5 "C and 10- 1.8 - 10 - 0. 9 S - 1 . T he instab le reg ion is located w here th e

strain ra te is lar ger tha n 1 S -1 w hic h correspon ds to th e mechani cal ins tab ility.
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Titanium allo y has alrea dy been exte nsi vely used in

ae rona utic , ship building, biomedical, pharmac eutical

an d chemical in d us t ry due to their e xce llen t prop er

t ie s inc! uding high sp ecifi c streng th, low densi t y a nd

good cor ro sion resis tan ce-':', As a new titanium alloy ,

Ti -5. 6A I-4. 8Sn-2. OZr-1. OMo-O. 35Si-0. 85Nd alloy has

been us ed in fabri cation of the ae ro foi l bl ades a nd

dis cs in the ai rc ra ft in dust r y owin g to it s good creep

resi stance a nd thermo-stability a t the servicin g tem

peratures of 60 0°C [ 2 . 3J . The a ll oy is gene rall y formed

in the temperature range of 30-50 °C below ~ transus

( namel y a+~ forging). In a + ~ fo rging, the mi cro

st r uct u re of ti tani um allo y obtain ed is eq uiaxed , a nd

it has hi gh plast icit y an d thermal sta bility. H owever,

it s high t emperature properties, fa t ig ue ca pa bilit y ,

an d fr act ure to ug h ne ss under the service tempera

ture are unsat isfacto r y'cV.

Compa red wi th a+~ forg ing a lloys, the ~ forg

in g has basket w eave s t r uc t u re a nd s ho ws better

h igh t emperature cree p resistance a nd fr acture

toughness; bu t it s pl ast ici t y an d the rmal stability is

obviousl y reduced , resul ting in ' ~ bri ttleness' a nd

'microstructural inherit ance' [6 .7J. R ec ently, Zhu et

a t. [8 J prep ared a quasi-B forging technology with the

temperature range of (T~ -10 ) -(T~+ 20 ) °C (T~ is

th e ~-t ran su s te m perat u re ) . This proces s w as app li 

ca b le to nea r a, a + ~ a nd n ear ~ t itan ium a lloys , an d

lamellar a phase con ten t o b taine d in this proces s w as

not m ore than 15 %; the fr acture toughness, fatigue

crack propagation resis tance an d creep resis tance

w ere s ig n ifi ca n tl y h igher than those of the dupl ex

microstructure.

The de te rmina tion and optimiza tion of p ro cess

parame ters a re s till lack of sys tema ti c a nd theo reti 

ca l g uidance fo r the ~/ quas i-~ fo rg ing proces s of t ita

nium alloys. In this w ork, the flow st re ss o f T i

5. 6A I-4. 8S n-2. OZr- 1. OM o-O. 35 Si -0. 85 N d alloy w as

ob tained by ho t com pression te st, a nd the effects of

deforma tion the rm omechan ica l pa rame ters on the

t rue s tress were a na lyzed. The processing m aps of

the alloy w ere es tablis he d , an d the o p t im um ther

m al def ormation pa rameters w ere o btaine d , which

ca n provid e the theo re t ica l found a tion for the mi cro

st ruct ure cont ro l a nd process op timiza tion in ~/ qua-
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si-~ fo rg in g processes of ti taniurn a lloys.

1 Material and Experimental Procedures

The ~-transus temperature of the tes te d all oy is

1040 °C. The in itial microstructure is la th- sha ped

microstructure, as shown in F ig . 1.

Fig. 1 Billet microstructu re of the tested alloy

The compression experiments were performed

by using a Thermecmaster-Z simulator under con

stant strain rate and tempera ture each time. The sample

was a cylinder with the dimension of </>8 mmX 12 mrn ,

and a groove with the depth of 0.2 mm was made on

the two ends for holding lubricant. The specimens

w ere h ea t ed at a rate of 10 °C / s unti l the r equired

t emperature was reached, and the ho lding time was

300 s. The com p ression tests were performed at

temperatures of 1040 - 1100 °C , strain rates of

0.001 -70 S- I to a height reduction of 50 % , and the

corresponding effe ct ive strain was a bout O. 7. The

specimens were then cooled to room temperature by

spray ing helium after deformation.

2 Results and Discussion

2. 1 True stress-strain curves
Fig. 2 shows the true stress-strain curves at d if

ferent tem pe ra t ures an d strain rates. The flow stress

in creased with the rise of strain rate, while de creased
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Fig.2 Stress-strain curves at 1 040 'c (a), 1 070 'c ( b) and 11 00 'c (c)

(3)

( 5)

(6)

(4)

taine d ,

O' =~ ln€ +~_lnA 1

11 1 n .R'T 11 1

1 . Q lnA z
InO' = -lnE + - - - - -

ll z ll z R T ll z

. 1 . Q lnA 3
In [ s m h (aa ) ] = - lnE+ RT - - -

113 113 113

Then, substitu te the values of stress and corre

sponding strain rates under the strain of O. 4 into

Eqs, (4) and ( 5). And then, Eqs, (4) and ( 5) ar e plot -

€exP[R~ J= A 3sinh Ceo) "3

where, € is the strain rate, S- I ; 0' is the true stress,

MPa; Q is th e activation ene rgy of deformation, kJ •
mol - I; R is the gas con s tant , 8.31 4 k] • mol - I .

K - 1
; an d T is the deformation tem pera t ure , K. Mo

reover, A I' A z , A 3 ' 111 ' ll z, 113 and a ( = 111 /», )
are the materials parameters.

N a t ura l logarithm is taken at both sides of Eqs . (D,

(2) and ( 3), and the following equa t ion s can be ob-

2. 2 Kinetic ana lysis of deform ati on beha vior
The com bin ed effects of deformation tempera

ture and strain rate on the stress are usually de

scribed by the kineti c rate equation as follows[9.IO] :

€ exP[R~ J= A 1exP( 11 10' ) (1)

€exP[R~J= Az O' ''' (2)

with the in crease of temperature. The true stress

strain curves of the alloy under different thermo m e

chan ica l parameters showed th at the true stress reached

the maximum value quickly at the ea rl y stage of com

pression because of working ha rdening. From Fig. 2,

if the strain rate is larger than 1 S- l , th e true stress

has a pea k va lu e when the strain reaches a critical

val ue , an d then de creases wi th the in crease of strain.

Obviously, th ere is a flow softening behavior. Wh ile

the strain rat e is slower than 1 s- I , the curves become

smooth and a ppea r to have a s te ady-state cha ra cter

istic with th e increase of strain.
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ted in th e form of InS-O" and Irr -Ino , resp ectively. This

is shown in Figs. 3 (a) and 3 (b)' At each tempera

ture, the values of 11 1 and 11 2 dep end on slopes in the

two plots. Bec ause of the val ues of 11 1 and 11 2 a re dif

ferent according to different temperatures, their av

erage values are app lied to be calculated. And then

the parameter a can be calculated, whose value is

about O. 028 36 3 MPa- l
•

The ac tiva tion energy for the plastic flow, Q in

Eo, (3) is calculated using Eo, (7) [l 1] :

r
iJln€ 1 riJln [ sin h caO" ) J 1 RQ =R . = 113 k

iJln [smhCuO") J T iJO /T) ; .
(7)

where, 11 3= r iJln€ 1 1s the stress cons ta nt
iJln [sinhCaO") J T

m easured form the curves of In€ -ln [sinhCaO") J at a

. . d k - riJln [ sinh CaO" ) J 1 ' . hgiven temperature; an - iJO /T) ; IS t e

slope m easure in the plot of In [sinh CaO") J -10 OOO IT

at a given strain rate, as shown in Fig. 4.
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As a result, the values of 11 3 and k a re deter

mined by the av erage s lope of two groups of lines.

The activation energy of the t ested alloy obtained in

~/quasi-~ forging process is about 49 3. 8 kl lmol,
which is la rge r tha n that of self-diffusion C153 kl l
mol). It shows that th ese deform a tion behaviors

are not mainly determined by the diffusion m echa

nism. The dynamic recrystallization may playa

prominent part in ~/quas i-~ forging process of the

titanium all oy.

2. 3 Processing map s

2. 3. 1 Th eory of processing rna I)

The processing map is es tablishe d on the basis

of dynamic materials model CDDM). The total pow

er P is di ssipated in two ways: the viscoplas ti c he a t

Crepresented by G) an d in ternal microstructura l

evolut ion includin g dynamic recovery, dynamic re

crystallization, et c. in deformation process Crepre

sented by ] ) . The relationship between G and] is
expressed as [12] :
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P = 17€ = C + ] = f>d€ + J: €d17 (8)

When temperature and strain are kept constant, the

stress can be expressed using the following formula[J3J :

where, K is a constant; and m is the strain rate sen

sitivity, which is defined by following formul a:

m = Jln17I Jln€ (0)

The power dissipation capacity of the materials

given by a dimensionless paramet er is referred to the

power dissipation eff iciency 71 . It can be described as
Eq. (1) [14 J :

71 =2m l(m +1) (1)

As 71 is det ermined by strain, strain rate and

temperature, when strain is a constant, it will de

pend on strain rate and t emperature. The dep end

ence of 71 on temperature and strain rate can be ex

pressed by the power dissipation m ap.

The instability criterion for flow instability is

17 =K€ '" (9)

defined according to another parameter[15J :

. Jln(m 1m + 1) +
';(d = . m <O (2)

JlnE
As .;(€) is the instability factor, when .;(€) is

ne gative to a cer ta in deformation condition, the met

allurgical instability occurs. The instability map can

be obtained by plotting'; (€) at different temperatures

and different strain rates where .;(€) is negative.

2.3.2 Po wer dissipation efficiency

The power dissipation eff iciency of the t ested

alloy is shown in Fig. 5. It can be easily observed

that the strain rate has significant impact on the 71

value. The 71 value of tested all oy de creases with the

in crease of strain rate a t a given temperature and

strain of O. 3. When the strain is O. 7 , the curve of 71

value at t emperature of 1070 and 1100 °C is similar

to that of strain of O. 3. At 1040 °C , the 71 increased

to the maximum with the increase of strain rate at

the beginning after it decreased to a lower value.

OL...L -'-__--'-__---' .L-__-'

2o-1-2

(b).1040't
.1070't
.... 1100't

o-1-2-3

60 (a)

Fig.5 Changing laws of lj at strains of O. 3 (a) and 0.7 (b)

2. 3. 3 Flow instabili t y factor

Fig. 6 shows the relationship between the value

of instability factor and the strain rate when the

strain and temperature are constant. From Fi g. 6, it

can be found that the strain rate also has noticeable

impact on the ins tability factor. Its influence is simi

lar to that of power dissipation eff icie ncy.

2. 3.4 Processing m aps

Ac cording to Eqs. (11) and (12), the process

in g maps of the t ested alloy in the temperature range

of 1040-1100 °C and strain rate of 0.001-70 S - 1 at

the strains of O. 3 and O. 7 ar e developed in Fig. 8, indi 

cating the stable region and instable region during

plastic processing. The contour numbers repres ent

the 71 value and the shaded regions are the instability

regions. As observed from Fig. 7( a), the processing

map has a region tha t exhibits the peak value of 71 at

strain rate of 10 - 3
- 10 - 2

S - 1 and temperature of

1050 - 1 100 °C with a peak value about 59 % at 1080

°C /l 0- 3
S - 1 and a true strain of O. 3. The processing

map for the pres ent alloy obtained at a strain of O. 7

is shown in Fi g. 7 (b), which exhibits two peak re

gions given as follows: (1) 1062 -1100 °C and 10- 3


10 - 1.5 S - 1 and the peak eff iciency is about 60 % oc 

curring a t 1080 °C and 10 - 3 S - I; and (2) 1040

1045 °C and 10 - 1.8 -10 - 0.9 S - 1 with a peak eff iciency

of 53 % occurring a t 1040 °C and 10 - 1. 4 S - I. A ccord

ing to Prasad[I6J and Murty et al. [I7J , the workabili 

t y is be tter in stable region. In the processing map,

an instable region oc curs when the strain rate rises

above approximately 1 S - 1 under the tested process

parameters, which is shown in Fig. 7. With increas

ing strain, the flow in stability region be comes big

ger. Thus, the cor responding thermomechani cal par-
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Fig. 7 Processing map s of the tested alloy at strains of O. 3 (a) and O. 7 ( b)

ameters of th is region cannot be se lected in the p rac

t ica l app lication deman ds. Theref ore . the opt imum

processing regions m ay occur a t low er strain rate.

H ow ever. some po wer dissipat ion m ec hanism wi t h

la rge 1/ va lue is also damage t yp e in processing m aps.

It is used in ana lysis of m icrost ructural characteris

t ics af ter deforma tio n. co m bined wi t h p ro cessing

m ap. to determine the deform a tion mechanisms.

2.3.5 Deforma t ion m icr ost ru cture

Figs. 8 and 9 show the m icro struct ures of the

pres en t a lloy deformed a t different temperat ures and

strain ra tes . When deformed at high strain ra te ( Figs. 8

(a) and 8( b ) in ins ta ble region). w hic h corresponds to

the m ech anical ins ta bi li ty for ma tion . th e ~ grain s are

Fig.8 Optical microst ru ctu res of present alloy deformed at 1040 °C / 70 S-I ( a) and 1100 °C / 10 S-I (b ) exhi biting

mechan ical insta bili ty in the insta bili ty regions respective ly in processing map ( t rue strain of O. 7 )
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Fig.9 Optical microstructures of present alloy deformed at 1040 °c / 0. 1 S- I (a ) and I 100 °c / 0. 001 S-I ( b) exhibiting dynamic

recrystallization and grain coars ening in the peak regions of 11 respectively in processing map (true strain of O. 7 )

elo ngated in the direction of the m ain deformation ,

and there are some fine dynamic recrys talliza tio n

grains on the or igi nal coarse g ra in boundary. T he de

formation m icr ostructure heterogen eity w ill result in

nonuniformit y of m ech anical prop ert ies.

Sound deformation the rmomechanica l pa rame

te rs can be obtained when deformed at low strain rate ,

s uc h as 1 040 °C/0. 1 S - I and 1 070 °C/0.00 1 S - I

(Figs. 9 (a) and 9 ( b) in sta ble regio n ). A cco rdi ng to

the m icr ostructure observed , in the processing maps,

region s that have high r; value occurs at 1062-1100 °C
and 10- 3 - 10- 1.5 S - I or at 10 40-1045 °C an d 10- l.8 

10- 0
.

9
S - I . It can be ide n ti fie d as dynamic recrystall i

za tion and grain coarseni ng af ter dynamic recrystall i

za tion.

In sum mary , the opt imum deformation thermo

m ech anical param eters at a strain of O. 7 is as fol

low s : ( 1) at the st ra in ra te range of around 10- 3


10- 1.5 S - I an d temperat ure range be tw een 1062 and

11 00 °C, with r; va lue of around 46 % - 60 %; and
( 2 ) 1040-1 045 °C and 10- 1. 8-10- 0

.
9 S - I wi th r; valu e

of around 44 % - 53 % .

3 Conclusions

(1 ) The processing maps were established respec

t ivel y based on the DM M . T he optim um deforma

t ion thermom ech anical param eters a t a s t rain of O. 7

have two regions that exh ib it the peak of pow er dis

si pation eff iciency as foll ow s : one is 1062-1 100 °C
and 10- 3 - 10- 1.5 S - I ; and another is 1040-1 045 °C

and 10- 1. 8- 10- 0
.

9
S - l. T he m ain plas tic deformat ion

m echanism is ide n ti fie d as dynamic recrystall izat ion.

( 2) The ins table re gion is lo ca ted under where

the strain rate is larger than 1 S - I wh ich co rrespo nds

to the m echanical in stab il ity.
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