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1. Introduction

Hot working consists of mechanical processing of metals by techniques such as rolling,
forging and extrusion at high homologous temperatures ( T > 0.5 Tm.). Obtaining a
sound defect free product with close dimensional tolerances by a "Right the First Time"
approach is becoming increasingly important in the hot working industry. Also net shape
and near net shape technologies are becoming common. Mathematical modeling of hot
working processes is a cost effective and speedy route to process optimization and process
devclopment. The entire process or only some specific aspect of it may be modeled..
Several models of varying complexity have been traditionally in use in hot workmg
computations (Fig 1). :

Recent developments in mathematical modeling of hot working have been taking
place along three major directions. The first is the activity related to metal flow during
hot working of components principally by the finite element method. Such models consider
the workpiece as a continuum which is macroscopically homogeneous and has definite
rheological properties. The second emerging direction is in the designing of manufacturing
schedules which result in desired microstructures in a consistent fashion, such as in the
controlled rolling of HSLA stecels. Based on empirical relations for microscopic phenomena
such as dynamic recovery, dynamic recrystallization, static recovery, static recrystallization
and grain growth., this methodology, aims at calculation of microstructural parameters like
grain size at each of several steps in the processing schedule. The third recent trend is to
model the intrinsic hot workability of the material and to determine the optimum working
conditions for processing in a single step. The dynamic materials model and the polar
reciprocity model are two examples of this approach. These recent developments are
discussed in the following sections.
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2. Numerical and Phenomenological Models

2.1 Finite Element Analysis

Finite element analysis of flow simulation provides the forming engincer the
information about time dependent fields such as velocity or displacement as also the stress
tensor and the temperature. From the velocity or displacement fields the chnaging shape
of the workpiece can be determined. From the stress field tensor the working load or
torque can be determined. Several two and three dimensional finite element programs have
been developed to model the metal flow in different forming processes. These programs
differ from one another in the way the problem is mathematically formulated and its
complexity, the rheological behaviour modeled, the way the friction is accounted for, the
nature of the analysis attempted (transient or steady state), the reference frame with which
the deformation and other tensors are characterized (Eulerian, Lagrangian, or an updated
Lagrangian etc), the way thermomechanical coupling is modeled and the way the mesh is
renewed (Gelten and Konter 1982, Huetnik et al 1988). Because of the large number of
variables in metal flow simulation, the number of degrees of freedom rapidly becomes
quite large for any three dimensional metal flow simulation. Due to this computational
complexity, problem solving involving complex geometries of actual components has been
somewhat limited. However flow simulations are expected to become more common as
experience with various FIEM codes increases, cost of hardware dwindles and high
performance graphics engines and more powerful algorithms become avaiable..

Finite element analysis usually assumes that the material is a homogeneous continuum
so that the apparatus of continuum physics can be used. Changes in the internal structure
are usually considered to reflect on the rheological behaviour. But the cvolution of
microstructure, as il occurs with increasing strain and number of forming steps, can not be
predicted by the general formulations of the finite element method. A novel method of
calculating the microstructure, which may be characterized by a parameter like the prior
austenile grain size in steels, has been formulated by Sellars and coworkers. This is described
in the next section,

2.2 Sellars Methodology

Many hot working schedules involve discrete strain steps interspersed with pause
periods. The pause periods could range from a few hundredths of a second for rolling of
wire rod to about one minute in flat rolling and forging operations. The deformation in
a given step is usually small. Extrusion and plate rolling are the two exceptions where
reductions greater than 80% in a single step are common. Microstructural changes occur
due to microscopic phenomena such as dynamic recovery and dynamic recrystallization
while the material is being strained and static recovery, static recrystallization, metadynamic
recrystalization and grain growth during inter pass pauses. Thus the final structure obtained



in the hot worked component is a net result of its deformation history. Sellars and coworkers
(e.g., Sellars and Whiteman 1979) have considered the different microscopic phenomena
given above and provided algorithms for calculating the recrystallized fraction, grain size
and grain boundary area. Slarting with a reheated microstructure, change in the grain
size produced as a result of recrystallization, recovery and grain growth following the first
working step are computed. The updated value is used as the initial grain size for the
second pass and so on in an iterative manner. The kinetics of each of the phenomena as
a function of time and strain are followed independently and their influence on the
microstructure and mechanical properties is calculated at every step. The kinetics of the
phenomena depend on the initial microstructure and the processing conditions. A block
diagram of the algorithm used by Sellars et al. (1980) is shown in Fig.2. The Inputs here
are the initial grain size, the time -temperature profile, and the rolling parameters such as
the rolling speed, diameter of rolls and the degree of reduction attempted. The algorithm
makes use of empirical and phenogeaglogical kinetic equations. The output consists of
the specilic grain boundary area, the retained strain and the grain size.

2.3 llot Integrated Mathematical Simulation (HIMS)

A significant recent development is an integrated approach to metal forming which
aims to bring in the work of several research workers under a common umbrella called

HIMS. ( Yoshida ef al. 1991).

This  simulation procedure can  estimate simultancously the temperature, the
working force and torque, and the metallurgical properties from the exit of the reheating
furnace to the finish of the (inal forming operation and subsequent cooling. ‘This approach
combines the {inite element method of flow simulation in hot working with heat transfer
analysis and the Sellars methodology described above. The metal forming system is
considered to comprise of three simulators which are mutually coupled namely, the
temperature simulator, the deformation resistance simulator and the metallurgy simulatér.
The deformation resislance simulator estimates parameters such as load, torque and motor
power required for shape change, as well as the strain and stress distributions in the
component. The temperature simulator estimates the temperature of the workpiece and
the tooling, The metallurgy simulator estimates metallurgical properties like austenite grain
size, the effect of phase transformations and the mechanical properties produced in the
end product. This approach is useful in establishing an industrial working schedule for bulk
production employing a given forming process. Like the other methods described above,
the HIMS too does not consider the problem of defining and characterizing the intrinsic
hot workabilily ol the workpicce material.

3. Models Of Intrinsic Hot Workability

Intrinsic hot workability may be defined as the innate capacity of a material to
undergo shape change during hot working., In the models defining the intrinsic hot
workability, a macroscopic parameter is defined in such a way that it can be easily evaluated
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from laboratory generated test data. The purpose is to determine the optimum working
conditions of temperature and strain rate for hot working.

There are several microscopic phenomena which take place cither simultancously
or in isolation in the deforming workpiece. These are dynamic recovery, dynamic
recrystallization, dissolution and growth of particles, superplasticity, dynamic strain ageing,
adiabatic shear banding, void formation at hard particles, wedge cracking at grain-boundary
triple points, spheroidization of acicular and lamellar microstructures and reversal of
strengthening mechanisms. Depending upon the nature of the material system and the
processing conditions employed, different microscopic mechanisms may participate in the
evolution of structure during working. The occurrence of any microscopic phenomenon
usually has a bearing on the flow stress. The chosen intrinsic hot workabilty parameter
should therefore be a sensitive function of the kinetics of the micromechanisms. The
interpretation of processing maps based on the intrinsic workability parameter would be

faciliated by the understanding of micromechanistic maps such as the Raj map described
next.

3.1 Ray Micromechanistic Map

The Raj map is a plot in the strain rate and temperature space (Raj 1981). The
map shows the boundaries delineating the occurrence of different microscopic phenomena
in the deforming solid. These maps can be plotted to cover the warm and hot working
temperature ranges of the material.. Construction of the map involves first the sclection
of probable microscopic phenomena. Appropriate equations are used to estimate the bounds
-of-temperature and strain-rates for these different micromechanisnis. The areas enclosed
by these bounds are the domains in which the particular microscopic phenomenon will
prevail in metal deformation. The equations used to specify the bounds are obtained from
suitable phenomenological models. The phenomena chosen by Raj for this purpose are
dynamic recrystallization, adiabatic shear banding, wedge cracking at grain boundaries and
cavity nucleation at hard second phase particles. ¥Fig.3 shows a Raj processing map
constructed for commercial purity titanium. The “workability window’ shown in Fig 3
avoids the regions of undesirable phenomena like flow localization and fracture.

Elegant looking and easily interpreted, the Raj processing map is nevertheless purely
micromechanistic. Validity of the model kinetic equations for complex alloys is uncertain.
Further, in order 1o plot the map a variety of experimental data are required. Construction
of the Raj processing map is possible only when considerable knowledge about the material
is already available. The domains in the map are sensitive to the assumptions made regarding
the microsiructural features. For example, the cavitation domain boundary would depend
sensitively on the assumed size and the spatial distribution of second phase particles( Fig
3).



While the Raj map no doubt serves a useful purpose, a really significant breakthrough
in characterizing, the  intrinsic hot workability has occurred with the introduction of the
dynamic malerials model.

3.2. The Dynamic Materials Model

The dynamic materials model, propounded by Gegel and coworkers (Gegel 1988,
Prasad et al. 1934) and popularized in India by Prasad and co-workers (1990), arose from
considerations of physical systems modeling of Wellstead(1979). It finds its justification in
the thermodynamic extremum principle enunciated by Ziegler (1963,1977). In formulating
the philosophy of the model the proponents were seized of the question “ how does a
workpiece respond to the demands imposed on it by the hot working operation 7 . They
postulated that the workpiece responds by exhibiting those processes which would maximize
the rate of dissipation of energy. They visualized the metal working environment to be a
system comprising three basic elements namely, the materials system, the control system
and the equipment and tooling system respectively. The dynamic materials model is the
connecting link between the material system and the control system. It considers the
workpiece in hot working to be a nonlinear dissipator which dissipates energy as viscous
heat and internal structural changes. This conceptualization allows one to treat the problem

macroscopically, thereby avoiding the consideration of operative atomic processes (Gegel
1988).

In the dynamic materials model the total instantaneous power is split into two
components G and J as in Eq. 1. The splitting is substantiated by a convex extremum
principle known as the maximum rate of entropy production (Ziegler 1963).

» L:- ‘F.
JfdP=SE = [SdE+ [ EdS - : (1)
0 0

where S and 15 are the instantancous flow stress and strain rate respectively. The
quantity G which is given by the area under the true stress - true strain rate diagram, is
designated as “dissipator power content” and its complementary component J as the
“dissipator power co-content”. I in the model is assumed to be related to microstructural
changes occurring concomitantly with the deformation while G is related to continuum
effects.

From the convexity between a set of potential functions, according to the Ziegler’
principle, it is possible to obtain the constitutive relation for a material system undergoing
deformation as

S — CE e (2)
where C is a material constant and m is the strain rate sensitivity.
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In the dynamic materials model, J is used 1o grade the hot workability of ditferent
maierials. Since J is a function of strain rate and temperature, it is used to define the best
operating conditions lor hot working a given malterial by choosing a reference condition
ol the material.. An ideally viscous material obeys the constititive relation in Eq 2 with
m=1. For this condition J =Jmax. Ilence it is possible to define a ratio

J Zn

LA ®

The dimensionless parameter 7 is called as the “dissipation elficiency parameter”
because it is cousidered 1o desciibe how well the workpiece dissipates power by
microstructural changes relative to an ideal viscous condition. Optimum hot working

conditions are deduced [rom the dissipation efficiency maps which show the variation of
7 in femperature and strain rafe space,

IFor plotting 37 maps, true stress-true strain data are determined from uniaxial tension
or compression or torsion lests at several combinations of temperature and strain rate..
I'rom these flow stress values the dissipation elliciency maps are plotted by numerical
differentiation. and interpolation. Gegel (1988, Zhao et al. 1992) and Prasad and coworkers
(e.g. Padmavardhani and Prasad 1992) have constructed the dissipation efficiency maps for
a number of metals and alloys, including Ti-6242, nimonic alloys, titanium and nickel
aluminides, copper alloys, aluminum and 1its allovs, nickel and its alloys, stainless steels,
zirconium alloys and scveral other materials.  Peaks and valleys in these maps may be
associaled with certain microstructural changes. A representative example of these maps
is shown in Uig. 4 for an («+f) titanium alloy Ti-0AI-2V-4Mo-2Cr. This map shows a peak
around 925°C and 10™s™ which is associated with the occurrence of dynamic recrystallization
of the e phase.

Diflerent microscopic phenomena have different dissipation cfficiencies and other
characteristic features which help in their identification in the map. Phenomena which are
beneficial to hot workability such as dynamic recovery and dynamic recerystallization display
high dissipation efficiencies.Hlowever, since phenomena detrimental to hot workability such
as cracking and void formation also possess high dissipauon efficlencies, a means of
separating them from the former is required in order to use the dissipation efliciency maps
for optimizing the hot working conditions. For this purpose regions in the map associated
with instabilities are identified with the help of suitable stability criteria.(Malas 1985, Kumar
1987, Gegel 1988). Only afler superimposition of the inastability map dissipation defficiency
map be considered a processing map.

The strength of the dynamic materials model is that it captures the most important
characteristic of the deforming workpiece in hot working namely, the strain rate dependance
of the flow stress. Because of this fact a correlation between the topographic features in
the # map and the microscopic phenomena in the corresponding Raj map is normally found.
The effect of strain history on the hot working schedule has not been consiaerea 1o ve



signilicant In the dynamic materials model. Memory or  deformation history dependence
“is a basic feature ol metallic materials exhibiting rate dependent and rate insensitive flow
behaviour, At hol working tempeatures, the history dependence may be small but cannot
be neplected altogether (Alexander 1989).

3.3 Polar Reciprocity Model

This model has been introduced to provide for the deformation history dependence
of [low stress while at the same time recognizing the strong strain rate dependence of flow

stress as the primary flow characteristic of the workpiece.(Rajagopalachary and Kutumbarao
1989). '

For defining the intrinsic hot workability parameter, thie model involves the normality
principle of classical theory of plasticity. A polar reciprocity relation between two first
degree nonlinear potential functions in stress and strain rate spaces respectively is used
(Fig.5). 'rom this relation it is possible to partition the total instantaneous power of inelastic
deformation into two components. The flow stress-strain rate curve is the boundary
separating the two split components. From the normality principle it follows that the flow
stress-strain rate rclation is a power law. Hill (1987) has constructed first degree
homogencous dual potential surfaces and established their one to one relation . Fig. 6.
shows a convex potential surface ¢ = K in stress space with origin O1. Let an arbitrary
radius vector O1P at point P on ¢ be given. The magnitude of the normal to & at P is
scaled so that it is equal to KK'/® where KK’ is equal to the power being expended. For
cvery point P on P a corresponding point P’ on ¢’ may be found by drawing a parallel
veetor from Of in the direction v with a scaled normal as above. The points p" on ¢’ then
define a potential surface in strain rate space. The terms K and K’ are scalar valued functions
of temperature and deformation history. The two conjugate potential functions  can be
dependent on variables which may not be subject to the polar reciprocity relation. The
effect of strain or deformation history is taken into account with such variables. With this
background, the model considers the rheology of the material to be viscoplastic flow of
the form ;

S=H(EP) +cG(EP) o (4)

where 11 ( I:7) and G( P ) denote respectively the history dependent and strain
rate dependent [unctions of flow stress S and c is a constant. One of the split power
components is used to define the model parameter  for the intrinsic hot workability as

. S—H(EP) .. 2m’

in which m’ is the modified strain 1ate sensitivity.




Tests such as uniaxial compression or plane strain compression at several hot working
strain rates and temperatures are adequate for the evaluation of §. 'The chosen temperature
and strain rate levels form a grid of points in temperature and strain rate space. A { map
can be constructed at a strain Ep as follows. From the stress-strain diagram the flow stress
at 1 is known. The area under the flow curve upto E1 can be determined by numerical
quadrature. The minimum in flow curve upto Ej is determined. The product Smin 1 1s
subtracted from the above area. This dillerence is normalized by the area under the flow
curve upto strain Ei. This fraction is equal to the fraction of the history dependent
component of flow stress (Su/S) which is the history dependent component of flow siress.
This is by constitutive assumption. ‘This procedure is repeated for grid points in
temperature-strain rate space.. The strain rate dependent components are determined from
Iqy. 4. Grid point values  of the rate dependent components of flow stress  are utilized
to evaluate the modilied strain rate sensitivity of the material m".. Knowing the modified
strain rate sensitivity, the flow stress and the history dependent component of flow stress
at any grid point, it is possible to evaluate zeta.. The & values at the grid points are used
to obtain two dimenisional contour and three dimensional surface maps in strain rate and

temperature space. Several such maps can be plotted for a given material at different plastic
strain levels,

The & maps exhibit different topographic features.(IFig.7 ). An claborate cxercise
has been carried out by Rajagopalachary(1994) to establish a correspondence between the
topographic features in the { maps of titanium alloys and the microscopic phenomena that
take place concurrently with shape change. This exercise included a close examination of
post deformation microstructures and the phenomenological characteristics of
deformation. Some of the important conclusions that emerge from this study are: (a)
Phenomena involving creation,rotation and migration of interfaces result in { basins in the
maps. This is the case with phenomena like superplasticity, spheroidization of lamellar
phases and dynamic recrystallization. The £-basins are considered to be repositories of good
hot workability. (b) Grain growth would cause large increase in { and poor intrinsic hot
workability. Flow localization that leads to adiabatic shear banding and fracture would also
produce high & hills or plateaus. A correspondence between the magnitude of ¢ and the
microscopic phenomena that were observed is given in Table. L.

Many microscopic phenomena are known to possess a characteristic strain threshold
for initiation. The characteristic strain threshold as also the kinetics of the phenomena may
be functions of strain rate and temperature. Such functional dependency produces motion
of the domains in the { maps with plastic strain. This may be illustrated by the behaviour
exhibited by («¢ + ) titanium alloy BT9 ( Fig.8) This alloy cxhxbus a microscopic
phenomenon called “gram pinching” over a temperature range 900 - 970 °C and strain
rate range 107 10 10% 5”1, This is a structure homogeneization process in which the interface
between the « and g phases breaks down. The local protrusions or necks “pinch” (that
is consume) the other phase progressively, to produce an equiaxed and refincd grain



structure. In this process a large interface area is created. Corresponding to this process
a ¢ basin is scen in the processing map of the alloy. This domain would shift from a high
femperature o a low temperature as strain is increased.  Such observations have the
implications that, (a) zeta could vary sensitively with the plastic strain and (b) while predicting
the optimum conditions of hot working from the zeta maps, the magnitude of plastic strain
in the component should also be considered.

.

Iig.9 shows the domains of prevalence of some microscopic phenomena in a range
of titanium alloys identified on the basis of the corresponding { maps. A good agreement
has been found between the optimum working conditions predicted by the polar reciprocity
model and the actual industrial working schedules for the alloys studied. T'his is evident
from Table 4. An important feature of the processing maps based on the polar reciprocity
model is that  microscopic phenomena which promote good workability occupy regions
that are sufficiently distinct from those occupied by phenomena which are detrimental to
workability. For example flow localization and fracture are always associated with high zeta
hills or plateaus, while dynamic récrystatlization and superplasticity are associated with §
basins or valleys. Hence the superimposition of a stability condition to scparate the two
processes is not necessary. A zeta value approaching 1 is definitely a condition of instability.

4. Conclusions

The recent developments in mathematical modeling strive to satisfy the increasingly
exacting demands of the forming engineer charged with producing sound components at
minimum cost. _Simulation of metal flow during —hot working has been attempted.
Integrated simulations where coupling between metal flow, heat transfer and phase change
are well formulated are at a nascent stage. ‘The algorithms for calculating microstructural
parameters are reasonably well established.. Such calculations may become routine in
determining the optimum deformation sequence in rolling mills. They need to be evaluated
for other hot working processes as well. Intrinsic hot workability studies are likely to become
an integral part of material development and characterization programmes., Interesting
results may be expected to emerge when the three listed directions of mathematical
modeling can be combined into a unified approach.
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MATHEMATICAL MODELLING

A St ol Foodwmentally based Dillereatial Eguations which Provide Quantitative

Description of

‘The Metal Forming Process.

(:1) SLADMEITOD

SAssumpuons

sfab model tube mddel-

slices model

*Approxtmate

1. Homoegeneous
deformalion

2, Stiess or stiain
gradient
In one direction only

P

b &
B (T 4 & ¢ b

(D) SLIP LINE FIELD METHOD

Assumptions :
. Rigid-Plastic
Flow Béhaviour

Strain or Load
in the component

Limitations :
*Provides load
Estimate only

*Tedious, Selutiens
Dillicult to veniy

() UPPER BOUND METTHOD

Based on hmit theorem ;

Power IDssipated Actually

< power expended inn
kanematcally admissible
Velocity ficld

*Provides an esthimale
ol load and power
involved m torning a
coemponent

(d) LOWER BOUND METHOD

Inscd on bt theorem ¢

Power actually dissipated > power expended by
a statically adinissible stress fizld

forming a compenent

Provides estunate of minimum power and Joad in

l

Fig 1. Mathematical Models in Metal Processing.



(Lo )
L

PRIMARY countrion
LHI'CLAL GleAa e e
TLIHE=TEMPERATURE CURVE
DRAFT SCHEDULE

& o 0

CALCULATIOHN O

I\

SLLLARS

ALreborosy

————— e

STRAIN, STRALH RATE
| AN 4

QCCURREHCE

or
DRX
?

CALCULATION
Or
DYHAMICALLY
RECRYSTALLISED
GRALH SIZE

CALCULATION OF
STNI'IC
RECRYS'T'ALLISATION

*

1
COMPLETION
or

six
?

EXE I T 1 b 4 b RN
Aol o)
RETALHED

FIHAL
PASS

STRATH
Tt SRR CALCULATION
L o’
GRAIN GROWTII .. e
g
-4
CALCULATION
or
EFFLCTLVE
GRAIN SIZE /
BOUHDARY AREA

-'.-1

2

ourPuT
e GRAIN S1ZE
e RECRYSTALLISED
FRACT1O0OHN
e RETAIHNED STRATIH
e FEFFECIIVE GRAIN
BOUNDARY AREA

Figg 2. Block Dingrom Mustraling the Algotitiun Used in e Rty Simn e



[
-
1 /
CANVTEA 0 '
e
(@] /
]
=
-
e SAFF .
- REGION
= A
U .
S -3
-4 WEDGE CRANCKIMG
-5 I} L | — /|
5720 6HO /80 910 1040

TEMPERATURE IN KELVIN .

ng 3. ﬂnj lyne Micro-Mechanistic. Procossing Man lor Commercial Ponity ik,

0.50
0.25-

q
0,00

%

WEDGE CRACKING

»
o
[t
L=}

e

=
o
L

CAVITY AT
“1GRAIN BOUNDARY
——JIRIPLE JUNCTIONS

(STRAIN RATE, 571y

./

=x-PHASE WITH
WEDGE MORPHOLOGY ¢

{

~2.00-

-2.25-

. KINKING AND .
SPHEROIDIZATION <280

s » N hﬁ;;; TRANSFORMED o IN
o . {:QR J/jk & A (0t )y NATRIN
- =7 ‘§“\S/\\,\\ [/ Sy

54

B899.0 91586 928 9322 518.8 96 582.0¢

TEMPERATURE,’C

Fiy 4. The Dissipation Efliciency Map for Ti 6242 Alloy. (Gegel ,1988)

LR (A



N

D

Fig 5. Pole-Polar Relationship Belween two Convex Polential Funtions
in Stress and Strain Rate Spaces,

H (E P) s oblained from the true stress-true strain cuVes 1 -
EP EF'
[ SdEPy — [ Smin dEP
HE") _ o 0 _Area_above Smin_ Horizontal
P ~ Area below flow curve
S dEPy
i
STRAIN EP
Case 1 : Work hardening Behavlour : H( EP ) Increases with straln
e
\-.._
STRESS . e b
Srain
STRAIN
Case 2 : Flow soltening : H(E P ) Decreases and levels off
Case 3 : Ideal plastic behaviour : H(EP) = 0

IFig 6. Choice of History Function and its Behaviour Under Different
Condilions of Plastic Flow

|14



ZETA CONTOUR PLOT FOR CP TITANIUM 0.1 STRAIN

r"l 0‘
\_/0-00/ -

/// N

-2 &v
. ? . @’
I 3 e e e e i AL LL 4
57° 623 673 FLo e (3223 873

TEMPERATURE ( K )

Fig. (a.Two Dimensional Zeta Contour Map for Commercial Purity
Titanium at 0.1 Strain,

ZETA SURFACE PLOT FOR CP TITANIUM @:1- $TRAIN

s“\\
SRR
N

ﬁﬂ

- oS30 WQ‘ SITITERES 0"’;’;’0’:3:‘;”’%".
< RS IR
x S s,\s’.:,o,o,o.o,o,o,0,0’0’0’0’0’0”

%%,

w i XKL
N Q

5

Fig. ... Three Dimensional Zeta Surface Map For Commercial Purity

Titanium At 0.1 Strain, I Iy



@.1 STRAIH TETE CONTCLR PLCT FCR BY 9 2.2 STRAIN

e N
Pies. i3 r.II b

—r——

——
-

s -~

.,
5,

{
!
ﬂ
¥

.\-\llll.l.llll:ll.llrfl..
R
: ~ -
~
= =
Ts -
2.3 STRAIN
: N
JANN
w /
E e
= =

: ) 1°73 R o7
TEMPIRATURE { ¢

Fig @. A series of ¢ processing haps 0
Notice ihe shift of a 1ake bettom from 1
1283Kand 3x 10°s at 0.4 strain.

16



N

N Y E

03

[ERIR

523 975
)

1€z2 273 1123

ZZ7- 11 TIF =0T FCR BT 9 .2 STRAIN

LOG STRAIN RATE

Superpl

Q
9.
3

sticity

O 13}

©)

ery & I 1173 1223
EMPERATURE ¢ K )

Fig 9. Summary of Processing Maps for a Range of Titanium Alloys.

1273

(a) Cp-Ti

1323

! RATE

LOG SIRA]

I1
1
1
j-.
)
(@]
-1
O
(&
A
u
{
@)
t
"
O
—1
il
—
o
[63)]
Ul
()
w
)
-1
o
i

573 1123 1173 | 1223 127

TEYPERATURE ( (€ )

=

ZETA CONTOUR PLOT ZCR Ti-15V-37~-38n-3A1 ©.3 STRAIN

Cavitation

-9.3

LO% STRAIN RATE

-1

3
873 1813 1153 1253 1433 1573
. TEMFERATURE € KD

(b) Near a Alloy IMI 685 |

() (@ + By Alloy BT?  (d) Near S AlloyTi$242



TABLE 1. THE RANGE OF ZETA AND
THE HMICROSCOPIC PHENHOMEHNA

Magnitude of
Zeta

Microscopic
Phenomena

ligh 0.8 to

11.0

Medium 0.7 to
0.8

Cracking, Shear
banding, Adiabatic
shear banding,
Grain growth,
Dynamic strain
ageing

Cavitation at
Grain Boundaries,
Dynamic
recrystallization,
Recovery

Low 0.5 to

p % o

Dynamic recovery,
Dynamic
recrystallization,
Grain pinching,
Texture softening,
Superplasticity.

'T ;very low <0.5

Superplasticity
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