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Abstract

A successful forging attains both a desired final shape, and a desired final internal
microstructure. Therefore it is desirable to incorporate knowledge of microstructural
transformation mechanisms into the design of the forging process parameters. This paper
applies tools from the variational calculus to solve the problem of selecting an open-loop
ram velocity profile for an isothermal forging. It is assumed that a desired effective strain
rate, expressed as a function of effective strain and temperature, is available to specify
optimal processing conditions for the material. A weighting function is selected that reflects
the rate at which the internal microstructure is transforming. The material flow is modeled
using a nonlinear finite-element code. Under certain reasonable assumptions, the
algorithm is shown to yield a globally optimal solution. The method is demonstrated for

the simulated forging of a TiAl compressor disk.



1 Introduction

Bulk forming processes such as forging are invaluable for producing metal parts with
desirable mechanical properties. These mechanical properties correspond to a particular
material microstructure. Thus a successful forging produces both a desired shape, and a
desired microstructure. Figure 1 portrays an idealized forging. The design of these
processes is still largely an art. The goal of this work is to integrate mathematical models of
microstructural evolution with detailed numerical simulations of the deforming billet, in a
systematic approach to ram velocity design. The current effort was motivated by ideas
presented by Malas, et al. (1992; 1993), and represented for the purpose of this paper by
Fig. 2. There are two independent stages. The given initial microstructure and desired final
microstructures are the inputs to the first stage. The result is an optimal “material
trajectory” in a three dimensional space of effective strain, effective strain rate, and
temperature. This trajectory depends only on the material being forged, and is independent
of the billet and die geometry. The second stage, with which this paper is solely concerned,
is the generation of a ram velocity that will best enforce the optimal material trajectory. This
paper will slightly extend the framework of Fig. 2, by incorporating microstructural

evolution models into the calculations of stage 2.

The bulk forming variables that most profoundly influence the internal microstructure are
the temperature, T, the effective strain rate, € , and the effective strain, €. The effective
strain rate is a non-negative scalar, related to the Euclidean norm of the strain rate tensor.
The effective strain is the time integral of the effective strain rate, following a material point
in the flowing metal. Of these, the temperature is usually the most critical. However,
materials which must be formed at high temperatures and low strain rates are often forged
in a temperature-regulated furnace. In such isothermal forgings, once the temperature has

been selected, the effective strain rate is the most important factor remaining for developing



proper microstructure. This paper is concerned only with isothermal forging. It is assumed
that the temperature calculated in the first part of Fig. 2 is the constant forging temperature.
Then the optimal material trajectory can be specified in the form € = f(e, T), where T is a
constant parameter. Since the following development never uses the strain or strain rate

tensors, € and € will often be referred to simply as the strain and strain rate.

TOP DIE

STROKE BILLET

BOTTOM DIE

Fig. 1. Idealized forging schematic.

Good models are critical to the success of the optimal design procedure. Models of both
the microstructural evolution and the workpiece flow field are required. The flow field is
calculated using a standard nonlinear finite element code, treating the material as rigid-
viscoplastic. This approximation is appropriate for the large strains expected in a forging.
Furthermore, the method used may require many iterations through the FEM solver, and
the rigid-viscoplastic representation is much faster than full elastoplastic models. Good
automeshing is necessary to permit full automated calculation. Automeshing is standard in
2-D codes, but somewhat less so in 3-D codes. However, such packages are now
becoming available, and the procedure presented below should then apply to 3-D parts
without modification. The state of the art in microstructural modeling is far less advanced.

The example presented here uses polynomial curve fits to compression test data.

Earlier efforts, which have led up to the current paper are reported in Berg, Adams, Malas,

and Banda (1995) and Berg, Chaudhary, and Malas (1995). The first paper includes an



introduction to the forging problem from a controls viewpoint. Other related works in the
literature include an approach based on the LQR in Grandhi, et al. (1993), and Malas,
Irwin, and Grandhi (1993), and a closed-loop, receding horizon controller described by
Meyer (1993). The closed-loop approach of Meyer is not appropriate here, due to the lack
of direct microstructure measurements. An indirect approach that does use feedback is
described by Schwartz, et al. (1995). Many studies have been made of die and preform
design to achieve a desired final shape. In the context of this paper, Maniatty and Chen

(1995) is notable for its consideration of internal states such as microstructure.

Material Constraints Equipment Constraints
e
do V(1)
— | Microstructural € Process Model
d Evolution Model ’
' . T+ -
v . T4

Fig. 2. Two step forging process design procedure, from Malas (1992).

Section 2 presents a variational formulation for selecting an unconstrained ram velocity
profile. Section 3 shows how microstructural models can be introduced through weighting
functions.Section 4 presents a numerical algorithm for solving the variational problem.
Section 5 gives simulation results for a sample case: a 2-D axisymmetric compressor disk

formed from a TiAl intermetallic.

2 The Variational Formulation

The object of this paper is to calculate a ram velocity profile that best tracks an optimal
material trajectory. The optimal material trajectory is calculated based on material properties
only, and is decoupled from the bulk forming problem. Malas, Irwin, and Grandhi (1993)
present one approach to determining such a trajectory. In the current work, the optimal

material trajectory is given in the following form:



e=f(g) (1)

Although the optimal material trajectory also has a temperature dependence, only
isothermal forgings are considered here. Therefore 7 is simply a constant parameter, and it

has been omitted for brevity.

The following variational problem is one way to track the optimal material trajectory:

t
vmir(lt) fo ! fQ W(-)(f(sp)—ép)de dt ()

ram

subject to the constraint that the ram velocity be admissible.

The subscript p indicates that the strain rate and strain are at a particular point of material.
The inner integral is a volume integral, taken over every point p in the workpiece, denoted
by Q The function W is a weighting. At this point, the form and functional dependence of

W will not be specified. That is the subject of Section 3.

The velocity must be non-negative because reversing the ram will cause the die to separate
from the billet. It is very useful, for purposes of analysis, to strengthen this requirement,
and prohibit zero ram velocity. In practice, this will not be a significant restriction. The
forging time be finite, and the required final stroke must be attained. The ram velocity must

be bounded. Thus an admissible ram velocity is a function from [0,/ to (0,M].

The ram velocity itself does not appear directly in (2). The mapping between the ram
velocity profile and the process variables €, €, and T is given by a nonlinear partial
differential equation with evolving boundary conditions (Hill, 1950; Oh, 1982). In general,
very little can be said about this mapping. However the following observation for

isothermal forgings proves to be surprisingly powerful:



Rate Invariance: Fix the die and preform geometry. Then the evolving shape of the
workpiece, and the effective strain distribution history, depend very strongly on the

ram stroke, and weakly or not at all on the ram velocity profile.

Simulations indicate that rate invariance is a very reasonable approximation for many
isothermal forgings. The forging is assumed to be completely rate invariant, but this

assumption will be verified in the example.

A rate-invariant forging problem may be simplified immensely by using stroke instead of
time as the independent variable. The first application of this transformation will be to
derive an extremely useful restatement of rate invariance. The second will be to rewrite the

variational formulation (2) in an easy-to-solve form.

Let x denote the ram stroke, and x the corresponding ram velocity. The strictly positive x
implies a strictly increasing x. Therefore, given any admissible stroke profile x = X(¢),
mapping the interval [0, #f] to [0, x¢], there is an inverse function, ©:[0, xf]—=[0, #],

satisfying
x = X(O(x)) (32)
Applying the chain rule gives,
X(O(x) ©'(x) = 1

or,

O'x) = (3b)

X(©(x))

Define v(x) déf X(@(x))). Now time may be eliminated from the problem completely, and

replaced everywhere by stroke, as the independent variable.

By definition, € is the time integral, following a particle, of the effective strain rate &.



€ p(t) = L € p(‘l?) dt 4)

Apply the change of varjables formula, using t = ©(x).

£,(000)= | £,00) Q) d (52)

or,

0= | &0 dt (sb)

Then rate invariance implies that €p(x) is independent of the velocity profile v(x). That

implies that the strain rate, as a function of stroke, must have the form,

& (1) = (0 V(@) (©6)

By definition € is non-negative. Since the ram velocity is strictly posititve, hp(x) must be
non-negative for all x. Rate invariance requires the existence of a function hp(x). Nowhere

in the following is the function required to be known.

The cost function used in (2) can now be rewritten, applying the substitutions (5b) and (6).

t 2
J(x(t), () = f ! J W;)(x(t))(fp (x(®) - 1 (x(0) x(z)) dv '\ dr ¥
0 Q

where, anticipating the discussion of the next section, the weighting depends only on p and

x. The problem of minimizing (7) is of the form,

in (7 gat), %)) dt 8)
mip Jy s

subject to the restrictions x(0) = 0, x(#y) = xf, x € (0,0). Apply the change of variables t =

O(x) to the integral in (8).



t Xs
JO ! g(u(t), %)) di = fo ! e((O)). HO())) O/(x) dx

x; | ©)
= fo 8(x, v(x))m dx
Therefore the problem can be restated as,
(Y glx, v(x))
Wh T & 10
where x is now the independent variable, and,
~ . 2
glx,v)= N %(x)(fp (x)—hp(x) v) av (11)
Expand (11), and bring v, which has no p dependence, outside the integral.
g(x, v) = A(x) v2 + B(x) v + C(x) (12a)
where
AG) def | W) h3(x)dV (12b)
B(x) def -2 fg W(x) 7,(x) hfx)av (12¢)
o) 72
C(x) def fQ W(x) 7, x) dv (12d)
So the functional to be minimized is,
Xy
J(v(x)) = f (A(x) v(x) + B(x) + %) dx (13)
0

If the integrand is a continuous function of x, then a necessary condition for optimality is

that the first variation of J be zero. The first variation is calculated by replacing v(x) by v(x)



+N(x), and differentiating with respect to T (Axelsson and Barker, 1984). Then setting T

=0 gives,
gl C(x)
J. ; = A(x) - d |
R(v(x);n(x) J;) ( (x) 2 (x)) n(x) dx (14)
(14) is zero for arbitrary 1(x) if and only if],
C
200 =5 (152)

Assuming for the moment that the RHS of (15) is defined and non-negative for all x in

[O,xf], the function
v(x) = VC(x)/A(x) (15b)

is a candidate for optimality. In fact, as is now shown, it is a unique global minimizer of

(13).

(GO) Unique Global Optimality of v(x). Assume that A(x), B(x) and C(x) are defined, that
A(x) # 0, and that A(x)/C(x) 2 0, for all x in [0,xf]. Let v(x) = V C(x)/A(x) be the resulting

ram stroke profile. Then v(x) is a unique global minimizer of (13).

Proof: Substitute v(x) =V C(x)/A(x) into (13).

Xy
) VAR
J(v(x))=J (A() +B0x) + C0x) === dx
0 v AX) v C(x)
- J g (~/A(x) Cx) + B(x) + VAR) C(x)) dx
0

_ fo"f (B +2 m) dx



Next let w(x) be any admissible ram velocity profile,

Kl C(x)
Jw(x)) = A(x) w(x) + B(x) + —=2 | dx
0 w(x)

Xy

Xr 2
:jof (B(x)+2 vVARX) C(x))a’x+ (\/A(x) w(x) — 4 / %) dx

0

X 2
=J(v(x)) + (V A(x) wix) — _v% ) dx
0

So for any admissible w(x), J(w(x)) — J(v(x)) 2 0. Furthermore, equality holds if and only if
w(x) = Y C(x)/A(x) = v(x). Therefore v(x) is the unique global minimizer. |

The proof is direct, so no special consideration of continuity or differentiability is required.
Of course, it remains to show that the assumptions on A(x), B(x) and C(x) are reasonable,

and to ensure that the resulting velocity profile is admissible.

For realistic forgings and reasonable fand W, the integrals (12b-d) will exist. It is sufficient
that these functions be bounded, piecewise-continuous, functions of their arguments on the
full stroke interval. h,(x) need only be bounded, and a piecewise-continuous function of p.
If the weighting function Wp(x) is also non-negative, a very reasonable restriction, then
A(x), B(x) and C(x) are also non-negative. Finally, consider A(x). Since hp(x) is at p only
when that point of the billet is rigid, it is reasonable to assume that A,(x) is never zero for
all p at any x in [0, x7]. So by setting a minimum value for the weighting, Wpin > 0, the
condition A(x) # 0 will be satisfied. Therefore the conditions of (GO) are easily and

naturally satisfied, and (15b) is the globally optimal solution.

For the resulting v(x) to be admissible, it must be bounded, and it must correspond to a

ram stroke profile that reaches full stroke in finite time. These are ensured by requiring that,



in addition to being bounded above, f(€) and hp(x) are also bounded below by strictly

positive quantities. Recall that such a lower bound has already been assumed for Wp(x).

To determine the transformation ¢ = ©(x), and so the forging time, write,

_[ 48 _
t—fo V(Q—@(x) (16)

which defines implicitly the extremal ram profile x = X(r). Since v(x) is bounded below, say

by 8y, tr= O(xp) is bounded above by xf/0.

The development above is largely due to replacing time by stroke as the independent
variable. This naturally leads to the question, what is so special about (13)? Why not

replace the time integral in (8) with a stroke integral? The result is the new cost function,

J(v(x)) = J;) K (A(x) v2(x) + B(x) v(x)+ C (x)) dx (17

This is a quadratic functional, and it is easy to show that a unique, globally optimal,
solution is given by v(x) = —-B(x)/2A(x) (Axelsson and Barker, 1984). Under the same

assumptions as made above, this solution will be admissible.
3 The Weighting Function

This section presents a weighting function that incorporates microstructural evolution
behavior. The weighting function will be modified, if necessary, to satisfy the requirements

of the previous section.

Why is a weighting function necessary? In the most simple of forgings—frictionless,
axisymmetric, upsetting—the effective strain rate (and, if the initial billet is homogeneous,
the effective strain) is uniform throughout the workpiece. Then if the optimal material

trajectory is the same for all points, the desired profile can be exactly achieved, and no

10



weighting is required. For a forging of any complexity, however, the strain rates may vary
by several orders of magnitude across the billet at any given stroke. This means that not all
points in the billet can possibly track the desired material trajectory. Then the designer must

decide the relative importance of different material points.

How might the weighting function be chosen? A good weighting strategy should exploit
the dynamics of the microstructural evolution. For example, consider a microstructural
transformation mechanism that follows an Avrami-type behavior. That is, no
transformation occurs until a critical strain level is reached. The graph of fraction of
material transformed vs. strain then traces a sigmoidal curve, reaching 0.5 in a
characteristic strain increment €12, and rising to over 0.99 in 3 such increments, thereafter
asymptotically approaching full transformation. Such behavior has been observed in
dynamic transformation mechanisms in plain carbon steel (Senuma and Yada, 1986) and
TiAl intermetallics (Malas and Seetheraman, 1992). If the optimal material trajectory
represents an ideal transformation path, what meaning can it have below the critical strain,
where no material is transforming? Likewise, what significance can it have more than 3¢,
above the critical strain, when the transformation is nearly complete? The weighting

described below reflects these considerations.

The development here is based upon a model of the dominant microstructural

transformation mechanism with the following form:
d=dE, ¢ T) (18a)
S=S8¢,T) (18b)

Here d describes the relevant characteristic of the transformed microstructure—average
grain size, for example—and S is the fraction of material that has transformed. The key

feature for deriving a weighting function is that S be independent of time and €. Now,

11



define the weighting at stroke x to be dS/dx. Omit the temperature dependence, because the

forging is isothermal.

_ dS(e)
W= "4

_ 952 _ose

= e oroey
0S € def .

= 5o We e (192)
25 o

= 52 Hp() hp() S W) (19b)

Physically, the weighting (19) represents the fraction of material at point p that will be
transforming over an infinitesimal stroke increment, dx. Therefore, at any given stroke, the
strain rate in portions of material that are undergoing significant amounts of microstructural
transformation is kept close to the ideal value, while the strain rate in other parts of the
workpiece is allowed to deviate from the ideal. The transformation is assumed to progress
in only one direction. That is, dS/de, and therefore VVp(x), are non-negative. It may be
necessary to apply lower and upper limits to (19) in order to comply with the requirements

of the previous section.

4 Numerical Solution of the Variational Problem

The function v(x) = \ C(x)/A(x) globally minimizes (13). Unfortunately, the function hp(x)
is not known, so A(x) and C(x) cannot be calculated. The only available information relating
stroke and ram velocity to strain and strain rate is given by the nonlinear FEM code used to

solve the nonlinear PDE. So rewrite (15a) as C(x) — A(x) v2(x) = 0, and bring the terms

under one integral,

J W,(x) ( 7,20 - h) v2) dv =0 (20)
Q
Now replace the functions of x by the original functions of € and &.

12



fQ Wi, £, v)(f 2(ep)—ef,)dV=o (21a)

Since the FEM discretizes the workpiece, (21a) is replaced by the sum, over all elements,
§ {W(e,-,e,-,v)( f &) e?)} V=0 (21b)

where V; is the volume of the ith element. The LHS of (21b) can be evaluated by running
the FEM process simulation at a particular stroke and ram velocity. At any given stroke,
the problem of finding the optimal ram velocity now reduces to searching over all positive
v for a root of (21b). By the results of the previous section, such a root must exist, and

there is only one.

The corresponding functions for the alternative performance objective (17) are,

¢
J W, £, v)(Tp)(f () —£,)dV =0 (22a)
Q

Z{W(e,-,é,sv) & i (ei)_éi)} V=0 (22b)

l

The special case of constant f(€) offers some insight into the meaning of (21) and (22). In

that case, (21a) becomes,

22 22
f go wadv f &2 dVy
P o°P _
o - ==y (23)
dev W
Q

In other words, the root-mean-square strain rate should track the desired strain rate. Here

the mean is understood to be with respect to the weighted volume. Likewise, (22a)

becomes,

13



22 %)
fQ ep WdV VWfQ Sp dVW

fQ &, Wdv vy fQ &, dVyy

O’J-|lm' |

=f (24)

That is, the mean-square strain rate divided by the mean strain rate should track the desired

strain rate.

The macroscopic aspects of the forging are modeled using the commercial forming
software, Antares (UES, 1993). Antares uses a standard nonlinear implicit iterative finite
element based computational strategy. The workpiece material is modeled as rigid-
viscoplastic and a shear friction constitutive law is used for characterization of die-
workpiece interface behavior. The optimization technique described in this paper has been
implemented without any modifications to the process model. All interaction with Antares
is through the standard input and output files. This eliminates the need to maintain
customized software, so that improvements in the process model are instantly reflected in
the design software. A good example of this is the recent extension of Antares to 3-D
problems, including automatic remeshing. The external optimization loop remains virtually
unchanged, but by simply replacing the 2-D process model with a 3-D process model, a
wide variety of new problems become accessible to the technique. This “black box”
approach to the process model has some drawbacks. For example, it might be desired to
use Newton's method to solve (21b) or (22b). However, this would require knowledge of
the time derivative of the effective strain rate, which is not available as a standard Antares

output. So the choice of root finding techniques is restricted to less efficient derivative-free

methods.

The root finding algorithm implemented begins by bracketing a zero. Once bracketed, it
switches to a general purpose routine called the Van Wijngaarden-Dekker-Brent (VDB)

method (Press, et al., 1986, pp. 251-254). The VDB method switches between parabolic

14



interpolation and bisection, depending on whether the parabolic fit is good. When the

interval is within an acceptable tolerance the routine terminates. Figure 3 shows how the

VDB method is integrated with Antares.

> Create Antares Run
I Run Antares for AStrokgl
’ Read Antares Output

Evaluate Optimality
Function

Y

Update Vram Using
V-D-B Method

No
Converged?
Yes
[Increment Stroke by AStroa

Fig. 3. General scheme for optimizing ram velocity via the VDB method.

It is natural to ask whether it would be better to search directly for minimizers of (2). The
approach presented here has a major advantage in numerical robustness. Without
excessively tight convergence criteria, and additional mesh management, the FEM
solutions exhibit numerical noise. The result is false local minima of J. These will confuse
a numerical minimization routine. However, they do not affect the zero crossings of (21)
and (22), except in a small neighborhood of the solution. Furthermore, direct search
techniques require a good initial guess for reliability and computational efficiency, and this

approach does not.

15



5 Example—A 7-TiAl Compressor Disk Forging

TiAl intermetallics and alloys offer impressive potential weight savings and performance
improvements in aircraft turbine and compressor components and automotive exhaust
valves and turbocharger rotors. However, fabricating acceptable parts and realizing these
improvements requires much greater attention to microstructure than in more conventional
materials. In particular, large lamellar colonies typical of cast+HIPed TiAl ingots should be
broken down into fine, equiaxed grains. This process, called spheroidization, is best
accomplished through a bulk deformation process, such as extrusion or forging. However,
because of the low ductility of these materials, they must be worked with extreme care. The
optimal trajectory followed by a material element would maximize the fraction of material
spheroidized, minimize the size of the resulting grains, and avoid regions associated with

flow localization, cracking, or other undesirable behavior.

6.1 Weighting

The microstructural evolution equation for S, the fraction spheroidized, derived by Guillard

(1994), (also, Rack, 1994), for the TiAl compound considered here (Ti-48A1-2V) is as

follows:

S(e,&,T) = 2061.38 + 7.017loge — 3.7908T + 56.84¢ + 0.001776 T2 - 12.52¢2 (25)

where T is the temperature specified in degrees Celsius, log is base 10, and time is in
seconds. It is understood that when the strain exceeds 2.27, the fraction transformed is one.

The model is based on a curve fit to experimental data. That fit is strictly valid only in the

region,

0.35<e<2.03
10451 <g< 10! 57!

1058 C<T<1142C

16



Proceeding as in Section 3,

S ¢ £
Sey= (5684-25048)° 6
and,
W(eév) = max [(56.84 ~25048) ", Wmin] 27

where Wiyin > 0 is necessary to satisfy the requirements of Section 2. This model presents
several difficulties. The region of validity excludes the low end of the strain scale. Most
forgings start with the billet material at close to zero strain. Furthermore, W is at a
maximum when the strain is zero, so these regions are simultaneously poorly modeled,
and extremely important. The second difficulty is that, contrary to prior assumption, and
the behavior of the similar material discussed by Malas and Seetheraman (1992), the strain
rate contribution is quite large. The probable cause of this is that the spheroidization
mechanism has dynamic and static contributions. The dynamic part follows the form of
(16b), but the static part is a non-decreasing function of time. The strain rates used in
forming are low enough that the static mechanism can cause significant spheroidization
during the forging. Trying to fit the time-dependent static mechanism to a time-invariant
model leads erroneously to the large strain rate contributions. A better approach is
including time in the model explicitly, and splitting the static and dynamic contributions.
Then the forging could be designed to optimize the dynamic part, and a post-forming heat
treatment designed to optimize the static transformation. Unfortunately material modeling
is a difficult and expensive task, and the current model must suffice. Neglecting the strain

rate term essentially ignores the static transformation.

17



6.2 The Optimal Material Trajectory

The forging has two critical aspects. The first is shaping the billet. Attaining the desired
shape is a strict constraint, which is considered to have been exactly achieved when the ram
reaches full stroke. This is accomplished by proper die and preform design. The second is
attaining a desirable microstructure. Guillard (1994) has given desirable process parameters
for isothermal, constant strain rate, compression. The processing target can be further
refined, following a method given in Malas, Irwin, and Grandhi (1993). The result,
calculated by Frazier (Mullins, et al., 1995), is a constant strain rate of 0.3 l/min, at a

temperature of 1100 C. Clearly this trajectory satisfies the assumptions of Section 2.

Six ram velocity profiles were applied to this forging. The algorithm described in the
preceding section was used to obtain profile 1, a solution of (21b) based on f{g) = 0.3
1/min, with the weighting (27) and profile 2, a solution of (22b) with the same optimal
material trajectory and weighting. Profile 1 will be referred to as time-based optimal, and
profile 2 as stroke-based optimal. Profile 3 results from setting the unweighted average
strain rate to the optimal material trajectory, that is, from maintaining an average strain rate
over the billet of 0.3 1/min. Profiles 4 and 5 result from “rules of thumb” commonly used
to pick ram velocities. They are based on solutions to an axisymmetric, frictionless,
upsetting. If the dies where absolutely flat and frictionless, the target strain rate could be
achieved exactly everywhere in the billet, throughout the forging. Profile 4 is this linear
solution. Profile 5 is the constant velocity that would provide the correct strain rate at zero
stroke. Finally, profile 6 is obtained by holding the ram force constant. Since there are no
guidelines for picking the value, 300 tons was used. This is the ram force corresponding to

the time-based optimal solution during the middle portion of the stroke.

18



6.3 Results

Figure 4 shows the resulting ram velocity profiles. The solutions vary significantly,
especially at the beginning and end of the forging. It is interesting to relate features in the
ram velocity profiles to events in the forging. Figure 5 shows the die-workpiece geometry
at various strokes. Symmetry has been used to reduce the simulation time, and each picture

represents one quarter of a cross-section through the billet.

1: time-based optimal
— =:=—+ 2: stroke-based optimal
"""""""" 3: maintain average strain ratfle
- - =- 4: linear velocity-stroke
— - — 5: constant ram velocity

— —— 6: fixed ram load

(in/min)

ram velocity

0 0.2 0.4 0.6 0.8

stroke (in)

Fig. 4. Ram velocity profiles. Profiles 3 and 6 are clipped—Profile 3 goes as high as 6
in/min early in the stroke, Profile 6 hit the maximum ram velocity of 10 in/min. Profile

6 also fails to reach full stroke. The letters A-F correspond to the configurations shown

in Fig. 5.
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The constant ram load solution is unable to advance the ram at the end of the forging, and
so does not reach full stroke. For the rest of this section the constant ram load solution is
disregarded, since it fails to be admissible. The time-based and stroke-based optimal
solutions are extremely close, with the time-based cost function giving a slightly shorter
forging time, as expected. The stroke-based optimal solution will not be discussed

individually, since it is practically identical to the time-based optimum.
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A. Stroke 0f 0 in B. Stroke 0f 0.08 in

.
1
Sl

S1p momr s m

C. Stroke 0f 0.16 in D. Stroke 0f 0.98 in

ST mencs o 123

F. Final stroke Of 1.21in

E. Stroke 0f 1.07 in

Fig. 5. Forging geometry.

The magnitude of the function g is a measure of how well the material is tracking the

j 1 for the four
optimal trajectory at any stroke. Figure 6 plots the square root of g versus x
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ram velocity profiles. Not surprisingly, the optimal solution is the best, with the others
giving significantly higher values. Another measure is how closely the average strain rate,
weighted as in (27) to emphasize the transforming material, follows the desired trajectory.
Figure 7 shows these results. The optimal solution significantly out-performs the others,
by a factor of two or more in the middle portion of the forging, and by an order of

magnitude or more at the beginning and end of the forging. Note that Fig. 6 and 7 are both

plotted on a log scale.
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Fig.6. Square root of g versus stroke for the four ram velocity profiles.
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The preceding results show that the optimal solution does a significantly better job of
tracking the desired strain rate than the other approaches presented. However, it remains to
be shown that the quality of the final part is significantly improved. Because the
optimization of the material trajectory has been decoupled from the optimization of the bulk

processing parameters, no sensitivity information has been carried over to the second step.

Detailed discussions of desired microstructural characteristics may be found in Malas and
Seetheraman (1992), Malas, Irwin, and Grandhi (1993), and Berg, Adams, Malas, and
Banda (1995). Two factors will be used here to evaluate and compare the preceding results.
The first is the size of the spheroidized grains. The optimal trajectory derived in Mullins, er
al. (1995) included a target grain size. The expression for grain size derived by Rack

(1995) based on data taken by Guillard (1994) and used by Mullins, ef al., is,

d(e.e,T) = 248.2 + 143.0 loge — 0.1284 T - 59.82 £ + 7.0 €2 + 8.770 log2¢ -
0.0833 T loge — 143.0 € loge (28)

Using this equation at the forging temperature of 1100 C, the target strain rate of 0.005
1/sec, and zero strain, and assuming a linear relation between strain rate and ram velocity,
gives a sensitivity relation (3d/d) = 0.3 (dv/v). Then a factor of two error in ram velocity
corresponds to approximately a 30% error in grain size, which is fairly minor, and a factor
of ten error in ram velocity corresponds to about a 270% grain size error, which is

significant. Based on grain size only, the linear ram velocity profile probably gives an

acceptable result.

The second factor that will be considered is material stability. Material stability is discussed
extensively by Malas and Seetheraman (1992). Figure 8 shows a material stability map for
the Ti-48Al-2V intermetallic used here. The black area represents “unstable” regions, that
is undesirable transformation mechanisms that will result in an unacceptable forging. The

optimal material trajectory will intersect this map at a point with temperature 1100 C and
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strain rate 0.3. This point is indicated in Fig. 8 by a black dot. The acceptable processing
window is shaded light gray. From the diagram it can be seen that this point is close to
instability, and so the strain rate must be tightly controlled. In fact, a doubling of the strain
rate (and therefore, by assumption, a doubling of the ram velocity) will put the material into
an unstable region. By this criterion, then, only the two optimal solutions are acceptable for

the compressor disk forging.
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Temperature (C)

1025
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Effective strain rate (1/min)
Fig. 8. Processing map for Ti-48Al-2V at strain of 0.7, from Guillard (1994).

6.4 Strain and Strain Rate Distribution

Figure 9 shows the effective strain distribution at the end of the forging for each profile.
The purpose is to examine the validity of the rate invariance assumption. The results are

extremely similar, despite the differences in the ram velocity histories. This strongly

supports the assumption of rate invariance.
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Fig. 9. Final strain distributions.

Figure 10 shows the effective strain rate distribution in the billet at a typical point in the
forging. Note that the distributions have extremely similar variations, though the mean
values reflect the differences in ram velocity. This is expected from (6a). Also note the
complexity of the distribution. Using this information manually to balance the various

regions of the billet, and select a ram velocity, would be extremely difficult.
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6.5 Computational Cost and Accuracy

Figure 11 shows the number of function evaluations required for convergence at each
stroke for the three iterative results—profiles 1, 2, and 3. Since each function evaluation
requires a call to Antares, and requires significant computation, the total number should be
kept low. Figure 11 shows that any of these needs about four times the computational
effort of analyzing a given ram velocity. This should not be an excessive burden, except for
the most involved geometries. The computations required for the time-based and stroke-

based optimal solutions did not differ significantly.
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Fig.11. Function evaluation count for the three iterative ram velocity profiles.
6 Conclusions

A variational approach to the design of ram velocity profiles for isothermal forging was
described. Knowledge of the microstructural evolution equations was integrated into the
method in two ways. The first is through an optimal material trajectory, which is to be
enforced throughout the deforming billet. The second is through a weighting function,
selected to emphasize those portions of the billet undergoing the most microstructural
transformation. A numerically robust and efficient algorithm was derived, based in part on
assumptions about the behavior of isothermal forgings. Under certain reasonable

restrictions and assumptions it can be shown that this algorithm produces a global

optimum.

This technique has been applied to the simulated forging of a Titanium Aluminide
compressor disk, in which microstructure plays an important role in both the mechanical
properties of the finished part, and formability during hot working. The optimal ram
velocity profiles tracked the desired strain rate. Competing methods differed by at least a

factor of two, and by as much as two orders of magnitude. For materials such as this one,
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in which thermomechanical processing must take place in an extremely narrow range, such
errors are unacceptable. Therefore, the techniques presented in this paper can make a crucial

difference in successfully forging these materials.
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