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An Innovative Strategy for Open Loop Control
of Hot Deformation Processes
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A new strategy for systematically calculating near optimal control parameters for hot deformation proc-
esses is presented in this article. This approach is based on modern control theory and involves deriving
state-space models directly from available material behavior and hot deformation process models. Two
basic stages of analysis and optimization are established in this strategy for nonlinear, open loop control
system design for producing required microstructural characteristics, uniformity of deformation and
temperature distribution, and other important physical requirements of hot worked products.
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1. Introduction

THE potential for cost and quality improvements in the manu-
facture of products is largely dependent on the status of process
control technology as implemented on the shop floor. The pro-
duction of high-quality products on a reproducible basis can be
achieved only through the use of automated control systems.
Computer-based control and data acquisition systems for
metalforming processes are increasingly being incorporated on
production equipment. Commands are preprogrammed in the
control system for (1) executing specified ram-velocity pro-
files, (2) achieving final ram displacements, and (3) maintain-
ing desired temperature distributions. Modern metalforming
equipment such as servo-hydraulic forge presses and section
rolling mills possess the necessary dynamic response charac-
teristics for implementing the process control algorithms men-
tioned above. However, existing process design methods for
optimizing these control system inputs are highly deficient be-
cause they are generally ad hoc and lack sufficient considera-
tion of workpiece (material) behavior and understanding of
process mechanics. This situation presents major challenges to
process engineers who are faced with ever increasing con-
straints on cost and quality, as well as growing production re-
quirements for near-net shape components with controlled
microstructures and properties. Indeed, current approaches to
control system design and execution of metalforming proc-
esses must be improved if the total quality benefits of automa-
tion are to be realized.

A new strategy for systematically calculating near optimal
control parameters for hot metal deformation processes is pre-
sented in this article. This approach is based on modern control
theory and involves developing state-space models from avail-
able material behavior and hot deformation process models.
Two basic stages of analysis and optimization are established in
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this strategy for control system design. In the first stage, the ki-
netics of certain dynamic microstructural behavior and the in-
trinsic hot workability of the metal/alloy system are used,
together with an appropriately chosen optimality criterion, to
calculate strain, strain rate, and temperature trajectories. These
trajectories are process independent in the sense that they are
valid for different hot deformation processes such as forging,
extrusion, and rolling and are thus independent of die geometry
and flow pattern. A high-fidelity finite-element simulation of
the particular process of interest is then used in the second stage
to calculate process control parameters such as ram velocity
trajectories and billet temperature, which approximately
achieve the strain, strain rate, and temperature trajectories cal-
culated in the first stage. The process control parameters are
calculated by applying closed loop control principles to the fi-
nite-element simulation to maintain the strain, strain rate, and
temperature trajectories near those calculated in the first stage.

This article details the rationale used in choosing the opti-
mality criterion used in the first stage of the method and pre-
sents a general strategy for systematically finding the optimal
trajectories. A significant portion of this article is devoted to de-
tailing the application of closed loop control principles to fi-
nite-element process simulations to determine the process
control parameters. Included are (1) an explanation of the ne-
cessity of the approach, (2) a discussion of the advantages and
disadvantages of various control system design techniques, and
(3) adetailed discussion of how one particular design technique
can be used to calculate process control parameters.

State-space models of deformation processes are necessary
to utilize the advanced design capabilities of modern closed
loop control techniques. The nonlinear rigid viscoplastic finite-
element method is used for deformation and thermal analyses.
A finite-element-based condensation technique is used to re-
duce the number of degrees of freedom of the system. A cou-
pled state-space model is then built to represent the
deformation and thermal behavior of the material, with nodal
velocities and nodal temperatures as the state variables. The
state-space model dynamically changes at every time step for
accommodating the evolving workpiece geometry and bound-
ary conditions. The desired microstructural behavior is
achieved by controlling effective strain rate and temperature
variation within the simulated deforming material. The output
variables of the state-space system are effective strain rates and
nodal temperatures of critical regions.
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Applications of each of the parts of the two-stage method
are presented. In the case of calculating optimal strain, strain
rate, and temperature trajectories, phenomenological equations
for dynamic recrystallization of plain-carbon steel are used. To
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Fig.1 Block diagram illustrating the two-stage calculation of
process control parameters.

illustrate the effectiveness of the second stage, that of calculat-
ing process control parameters via closed loop simulation con-
trol, a U-section forging of Ti-6242 is presented.

2. Two-Stage Approach to Designing Process
Parameters

Goals of process control can be met through several differ-
ent control system design strategies ranging from open loop to
sophisticated closed loop control systems. In this work, an op-
timal control techniquel!-2}is used for the design of open loop,
nonlinear control of hot metal deformation processes. This
modern control method requires three basic characteristics for
defining and setting up the control problem: (1) a dynamical
system model, (2) physical constraints, and (3) an optimality
criterion. In metalforming, the system models of interest are
material behavior and deformation process models; constraints
include the hot workability of the workpiece and the limitations
of the forming equipment. Optimality criteria could be related
to achieving a particular final microstructure, regulating tem-
perature, and/or maximizing deformation speeds.

The present two-stage approach decomposes the analysis
and optimization into a workpiece material behavior control
problem and a process mechanics control problem. As shown
in Fig. 1, the material behavior model has control outputs—
&(1), £(1), and T(f)—which are used in determining the control
outputs—W(1), Tg(t)—of the process model. Goals of the first
stage are to achieve enhanced workability and prescribed mi-
crostructural parameters. In the second stage, a primary goal is
to achieve the thermomechanical conditions determined from
stage one for prescribed regions of the deforming workpiece. It
is recognized that this two-stage approach yields idealized
process control solutions that could be further improved with
advanced feedback methods.

2.1 Material Behavior and Process Modeling Issues

The effectiveness of the two-stage approach presented in
this article is largely dependent on the availability and reliabil-
ity of the material behavior and process models to be used. In
the first stage, material behavior models that describe the kinet-
ics of primary metallurgical mechanisms such as dynamic re-
covery, dynamic recrystallization, and grain growth during hot
working are required for analysis and optimization of material
system dynamics. These mechanisms have been studied exten-
sively for a wide range of metals and alloys.[3-7) The relation-
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ships for describing particular microstructural processes have
been developed and reported for conventional materials such
as aluminum, copper, nickel, and their dilute alloys, with steel
receiving the most study. Elsewhere,[8-91it was claimed that,
for certain ranges of temperature and strain rate, the operative
deformation mechanisms of specialty alloys such as superal-
loys, intermetallics, ordered alloys, and metal matrix compos-
ites potentially become well defined and are amenable for
modeling.

In several industries, process modeling has reached a high
level of sophistication and acceptance as a process analysis
tool.[10.11] Current process models are capable of analyzing
fairly complex material flow operations such as three-dimen-
sional, nonisothermal deformation processes with a suffi-
ciently high degree of accuracy. For example, in the forging
industry, detailed numerical analyses of the phenomenon of the
workpiece filling the forging die, the resulting die stresses, and
the post-deformation heat treatment of the workpiece are being
applied increasingly for verification of forging and heat treat-
ment process designs.

2.2 Material Behavior Constraints and Optimality
Criteria

In addition to dynamic system models, the formulation of an
optimal control problem requires a statement of physical con-
straints and specification of an optimality criterion. The limit-
ing process conditions for acceptable hot workability are
important material behavior constraints in the first stage of the
control strategy. Here, the acceptable strain rate and tempera-
ture variations for hot working metal alloys are based on mate-
rial flow stability analysisl! and a desirable and relatively
constant apparent activation energy. However, other defini-
tions of safe processing conditions such as those based on
Ashby-Frost deformation maps“zl and Raj’s damage nuclea-
tion maps[13] would also be valid in the optimal control formu-
lation. So, within the acceptable processing variation, a
particular thermomechanical trajectory is determined using the
prescribed optimality criterion such as producing given hot
worked microstructural characteristics. In this article, the prob-
lem of microstructure control during dynamic recrystallization
is used to illustrate the analysis and optimization technique de-
veloped for the first stage of the control strategy. If the micro-
structural evolution during hot working can be expressed as

Grainsize=d (g,£,T) [1]
and
Volume fraction recrystallized = x (D) 2]

and in addition there exists an algebraic relationship between
the three material parameters

fEegeD=0 (31
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then the material behavior of interest can be rewritten as

Grain size = d(&.£) (4]
and
Volume fraction recrystallized = x (€,€) [51

Then, an optimality criterion, J, can be set up as

t
I=hle@), e @)+ [ sle@. e @l [6]

o

where h(-,) is the terminal penalty and g(-,-) is the cost over the
entire trajectory. The optimality criterion, which is to be mini-
mized to find €, £, and eventually T via Eq 3, can incorporate a
number of physically realistic situations, as is common in
standard applications of linear quadratic optimal control. To
see this, it is only necessary to define €,,,,1(0), éwork(t)’ and
Ty, ord?) as nominal trajectories required for material behavior
considerations inferred from processing maps and to define
£(1), £(r), and T(?) as the actual material parameters to be deter-
mined. If it is desired to maintain the material behavior parame-
ters close to those determined from material processing maps,
then an appropriate criterion to be minimized could be

nonc=J B[ 0=t O] + B0 06,0

+BO[TO- Twmka)]2 dt (7]

which when below a certain value ensures that £(f), £(), and
T(¢) lie within a family of ellipsoids parameterized by time and
reflecting regions of acceptable hot workability properties.

From a microstructural point of view, it also may be desir-
able to achieve a final grain size, a final fraction recrystallized,
and even to maintain the instantaneous grain size below a de-
sired value. Then, an appropriate microstructural optimality
criterion would be

- [X(S (). et) - xfT + [d(e (). € (tf))]2

w7 e, d [8]
t

o

Because it is likely that the two criteria of Eq 7 and 8 will con-
flict, it is common in control engineering to combine them into
a single criterion via weighting constants:

J= al‘l ork + a‘z"micro [9]

Wi
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where the relative sizes of oy and o, are usually obtained from
parametric studies on their effect on the material behavior once
the minimization of J is carried out. For example, if the micro-
structural parameters are acceptable but the workability prop-
erties are unacceptable for a certain choice of o and @, then
the penalty on the workability properties may be increased by
decreasing . relative to .

The preceding approach to choosing J typically yields an
optimality criterion of the form of Eq 6 or more simply

t
J=he)+] g €. e @) (0]
t

o

Well-known necessary conditions exist for such an optimality
criterion to be a minimum!!4land are partially given by

98 e emn—1% e smle
e (e (. () E{aé (S(I),E(t))}—o [11]

which generally yields a second-order nonlinear ordinary dif-
ferential equation. Otiier necessary conditions depend on the
specific boundary conditions, e.g., E“f) fixed or free, or tfixed
or free. The necessary cenditions takcn together lead to a non-
linear two-point boundary value p:oblem, which except in very
simple cases mus: be solved numerically. Also, it is possible
that the mathematical form of the functions g(-,-j and A(-.-) in
the optimality criterion will be different for different materials.
This means thzat considerable effort may be required simply to
set up the two-point boundary value problem. Software based
on commercially avaiiable symbolic manipulation packages
currently is beirg leveloped by the authors to automate the
problem setur. T! . resulting two-point boundary valuc prob-
lem can ther % : pproached using standard numerical tech-
niques, the s:maplest of which is nonlinear shooting.

Once val 25 o1 €(r) and (1) are determined that minimize the
optimality - riicrion, T(#) can be determined from Eq 3. This
“optimiz¢ 7 Ciermomechanical trajectory can be viewed as the
desired material flow path to be achieved by the process pa-
rametes. [he next section addresses how process paramecters,
e.g.. ran velocities, can be found to achieve the desired mate-
rial behovior conditions.

Veard®)

TBLLLET ®

CONTROLLER SIMULATION »-c

Fig.2 Block diagram of closed loop control of process simula-
tion.
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2.3 Closed Loop Control of Simulations

Given adesired set of strain, strain rate, and temperature tra-
jectories, the major difficulty in finding process parameters to
achieve the corresponding time varying thermomechanical
conditions is the general problem of inhomogeneous deforma-
tion and the inability to represent the process in closed form.
The approach advocated in this article involves applying
closed loop control to process simulations to obtain the desired
process parameter trajectories. This concept is illustrated by
Fig. 2, where the block labeled “Simulation” is the proper fi-
nite-element analysis program such as ALPID for modeling hot
deformation processes. The block labeled “Controller” is a pos-
sibly nonlinear dynamical system that is designed using stand-
ard control system design techniques to ensure that £gp(#),
Egmm(®), and T, (1) are at all times close to £qg o5 (0): Erras(0):
and Tqp Ay(9), i.€., the simulated material behavior “tracks” the
desired material behavior. Most importantly, the process pa-
rameters Vp o () and Ty | pr(#), which achieve this tracking in
the closed loop, will also achieve the desired trajectories when
applied to the simulation alone, as illustrated in Fig. 3. Thus,
using closed loop control of the simulation can be viewed as a
way to calculate process parameters to achieve desired material
behavior and relative uniformity of deformation. If the simula-
tion is sufficiently representative of the actual process,
Veam(®)s and Ty | g(2) thus determined can be used as desired
control system inputs to be achieved by the processing equip-
ment. It can then be concluded that closed loop control of a
process simulation can be used to calculate, in an off-line fash-
ion, control inputs that achieve specified material behavior,
uniformity of deformation, and workpiece temperature.

The difficult part of the closed loop simulation approach is
designing the controller block in Fig. 2. The problem lies in the
fact that the process itself, and hence the simulation, is inher-
ently nonlinear. It is a fact that no completely satisfactory tech-
nique exists for designing controllers for such systems.
However, a number of approaches to such design problems
have been applied successfully for years, most notably in air-
craft control over wide variations of altitude, Mach number,
and angle of attack. One of the most widely applied such ap-
proaches is gain scheduling, in which a different controller
(comprised of parameters called “gains” and usually linear) is
designed foreach of a set of operating conditions. In implemen-
taticn then, a particular controller is used whenever a certain set

Vo)
’%ILLET (0

€T1rAI

& ———+ CONTROLLER » SIMULATION »- &
TRAJ

- T
I‘TRAJ

M

L SIMULATION — €

Fig. 3 Illustration of using closed loop process parameter tra-
jectories as open loop controls.
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of operating conditions are determined to be in force. The col-
lection of controllers thus designed, along with the algorithm

for determining which controller is operating for a given set of

operating conditions, is itself a nonlinear controller.
The approach advocated here is a variant of gain scheduling.

The underlying assumption is that at various times #g, £y, ..., ty

= t4 there can be determined corresponding linear system mod-
els of the form

X V.
xk=Akxk+Bk{T“M ] [12]
BILLET

€
£|=Cx, [13]
T

Such models are usually referred to as state-space models, of

which much more will be said in Section 3. The important point
is that such models can be used to design a sequence of control-
lers that achieve the material behavior tracking goal. The de-
sign of each element of the sequence of controllers is relatively
straightforward, and certain techniques for their design lend
themselves to a fair amount of automation. For example, once
a controller is designed for the linear model at, say, k = 1, little
or no modification in the controller design parameters is neces-
sary to design a controller for the model valid at k = 2. Figure 4
illustrates the concept used for controller design for a particular
k. The block labeled “Exo-system” is an unforced, or exoge-
nous, system that is simply a linear model of the desired mate-
rial behavior trajectory for ; <1 <1, i.e., this block simply
generates the inputs for the remainder of the block diagram.
The matrix K shown in Fig. 4 is designed to minimize

J= I:N [zk n- zkmj(t)]TQ [zk(t) - kau(t)]

+ul (f) Ru, (1) dt [14]

Vear (V)
e DESIGN MODEL €1
Toniee ® X ﬂt)

- Ci | €1)

20 =Ax O +By®
T.0
Ky

EXO-SYSTEM Ewi(t)
> Coy b Eeft)

X =% ® PG ! o
traj 3 ij(t)

T Xij ) Enclosed portion generates state
trajectories to be tracked

Fig. 4 Block diagram illustrating use of linear models to obtain
portions of process parameter trajectories.
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where
g0
70 =| 0 (15]
T
Cern)
=g @
Z’Lmu(') Tkm, [16]
krpar)
and
VkRAM(t)
() = 7,0 [17

where, for example, £,(f) is the portion of €(f) over the time in-
terval 1, <t <t;,,. Such a matrix K; will ensure that the mate-
rial parameters will track the desired values over the indicated
time interval. The matrix weights Q and R usually are chosen to
be diagonal matrices with positive elements. The relative sizes
of 0 and R trade off tracking performance versus the size of the
elements of u(?).

Although the linear model can be used to calculate the de-
sired Vg o \(f) and Ty ¢ o (¢) over the indicated time interval, it
is more accurate to use the higher fidelity finite-element simu-
lation itself to determine these quantities. More important than
the accuracy issue, however, is the fact that because Vg ,\(9)
and Ty | pr(f) over the interval 7, <r <1, affect the simu-
lation and the simulation is nonlinear, the linear model to
be used to calculate Vp,\(®) and Ty p(f) over thein-
terval 1, | <t <1, cannot be calculated until Vp,y,(?) and
Tpner(®) have been applied as inputs over the interval
1, St <t Figure 5 illustrates the results of applying closed
loop control to the simulation. This process of sequentially de-
termining V, (Hand T, (¢) terminates when it is deter-

RAM BILLET

V
- kRMP)) STORED
=T (t),
eI LET

-
Vigaf? SIMULATION Agt Bt G
T {t)
KpLLEr SO K,
Ky EXO-SYSTEM

Fig.5 Illustration of using feedback from linear models to
propagate linear models and calculate process parameter trajec-
tories.
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mined that the process is complete, e.g., when it is determined
that the die is filled.

The technique used here for determining K} is called the lin-
ear quadratic regulator (LQR) methodology in control lexicon.
It is often thought of as an optimal control technique because
the K value determined does indeed minimize a performance
criterion as given by Eq 14. However, it should be clearly un-
derstood that the resulting Vp, ,,,(t) and T | o1(?) profiles are
in no way optimal because the underlying process is-nonlinear,
a fact not fully taken into account in the calculation. The ration-
ale for choosing LQR as a fundamental part of the scheme for
finding the process parameter profiles is (1) the calculation of
K} is done in a straightforward way as the solution of a certain
type of matrix equation (the Riccati equation) and (2) once O
and R have been determined that yield an acceptable K, it is
usually the case that they need not be changed significantly to
calculate subsequent values of K. Few other design techniques
possess these features, although eigenvalue placement tech-
niques may be able to lend further automation to the design pro-
cedure because no choice of Q and R is necessary. A survey of
controller design techniques is beyond the scope of this article,
but the interested reader can pursue this topic further in Macie-
jowski.[15]

3. State-Space Modeling

This work uses the systems approach in describing the de-
formation of material during forging. The material undergoing
plastic deformation is conceived as a dynamical system, which
maps inputs into outputs through a set of intermediate variables
called states. Knowledge of the system states together with the
inputs to the system completely describes the behavior of the
system. Representing the metalforming system in a state-space
form thus facilitates evaluation of the field variables associated
with it, and furthermore, by applying a suitable control law,
near optimal processing conditions, in terms of the ther-
momechanical field variables, can also be obtained.

In this work, effective strain rate of the elements of interest
and the nodal temperatures of the critical die contacting nodes
are taken as the state variables. Because the strain rate is related
to the nodal velocities through a gradient matrix, the actual
states are the nodal velocities and the nodal temperatures. The
input control parameters are the ram velocity and the initial
workpiece temperature. Because of the large number of states
in the state-space system, order reductions were used for facili-
tating the control inputs design. Among the available model re-
duction methods, the balanced model reduction (BMR)
approach performed most reliably. Detailed performance com-
parisons are presented elsewhere.[16]

The finite-element governing equation derived using the
variational approach is

K(V)V = F(V) [18]

where K is the stiffness matrix; F is the load vector; and V is the
global velocity vector. In Eq 18, K and F are functions of V, re-
sulting in a highly nonlinear system of equations. Because of
this, the analysis path of the deformation process is traced in an
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incremental manner by considering a series of discrete equilib-
rium states, each corresponding to a specific value of time. The
velocity distribution at each time step is calculated in an im-
plicit iterative manner until a converged solution is obtained. A
Taylor’s series expansion is then made about the converged
point, resulting in the following linearized system of equations:

K,V +K,AV=F [19]

Here K¢and K are called the secant stiffness and tangent stiff-
ness matrices, respectively, and are process and material de-
pendent by nature. K¢ and K, actually represent the material
behavior for the time interval 7 to ¢ + Ar.

Finite-element models generally have a large number of de-
grees of freedom to describe the detailed thermomechanical
behavior of the deforming material. A finite-element based-
condensation technique is thus devised to eliminate some of the
nodal degrees of freedom and retain the critical degrees of free-
dom. Because the objective is to maintain the desired process
conditions in the specified critical regions of the biliet, only
elements of interest in this region are selected. The nodal de-
grees of freedom for the elements of interest are retained in the
state-space model, whereas those for the rest of the elements
are condensed from it by applying suitable boundary condi-
tions. This approach produces a reduced order model that can
be used effectively with most control design algorithms. From
the linearized mathematical model, the deformation state space
form is obtained asl!7]

dVS
— =ApVs+BpV,+ W, [20]

where A ) is the plant matrix; B is the input matrix; and Wpis
the constant perturbation vector that results from the condensa-
tion process.

Besides deformation analysis, nonisothermal metalforming
design requires a thermal analysis to calculate the temperature
distribution in the billet and die domains. This thermal analysis
involves several separate bodies and the heat transfer between
them, because discretization of both the billet and the die must
be performed. Finite-element analysis for each body is then
considered separately, and the heat transfer between the dis-
tinct bodies through the region of contact is modeled by enforc-
ing consistent heat transfer boundary conditions.

The governing heat transfer equation is

CT+KT=Q, 21]

where Cris the heat capacity matrix, and K . is the heat conduc-
tion matrix. Qyis the heat flux vector that includes the heat gen-
erated by plastic deformation, heat radiated between the
workpiece and environment, heat convected from the deform-
ing body to the environment, heat conducted across the
die/workpiece interface, and heat generated due to friction at
the interface. T is a vector containing the nodal temperatures.
To build the thermal state-space model, the above heat flux vec-
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tor is linearized in terms of the state variables, namely the nodal
velocities and nodal temperatures:

dT
S =ApV AT+ BV, HAT, + W, [22]

Here V ;is the die velocity, and AT, is the temperature adjust-
ment. The thermal model also requires condensation similar to
the one presented for deformation analysis, to reduce the order
of the system. Only the nodal temperatures of the critical die-
contacting nodes and the nodal temperatures of the elements of
interest are (Tj) are retained, and the reduced order thermal
state space representation is obtained as

a1, _ [V, -  _ _
— =Kp ' [+ KT+ BV, + BT+ W [23]

where Kpr, Krp, Byp, and By are the condensed matrices,
and Wp is a constant vector resulting from the condensation
process. Vris the tangential velocity vector at the interfaces,
and V/is the velocity of critical nodes.

In this study, the effective strain rate of the element of inter-
est is one of the process variables controlled, whereas in Eq 20
and 23 the state variables are the nodal velocities. Therefore, an
output equation is used to represent the effective strain rate in
terms of the nodal velocities. If the square of the effective strain
rate of the element of interest is €2, and T is the output tem-
perature, the output vector y can be formed as

yT= [?Tg} [24a]
The state vector x is given by

A= [V§ \A T@J = [Vg T,T] [24b]
and the input vector u is given by

uT=[V,AT)] [24c]

The above state variables are directly obtained from the com-
puter simulation and finite-element analysis. With the above
definitions, a coupled state-space model for a nonisothermal
metalforming process is obtained by grouping the deformation
state-space model Eq 20 and thermal state space model Eq 23
together as follows:

5c=Ax+BVd+Wr
y=Cx+E {25]
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Here A is the plant matrix; B is the input matrix; W is a con-
stant vector in (¢, + Af); C is the output matrix; and E is a con-
stant vector in (¢,¢ + Az). It should be noted that W contains
certain constant terms coming from the condensation proce-
dure. In retaining these terms, the error between the reduced
model and full-size model is greatly reduced, especially in the
case of large-scale problems. Compared with the standard
state-space models in system theory, Eq 25 can be treated as a
system with a constant perturbation W,. A unique feature of
this model is that its dimension keeps changing from step to
step because the geometry of the workpiece and boundary con-
dition change with each stroke. The state-space model is thus
built and updated at each time step of the simulation. Similarly,
reduced order models using the BMR technique are computed
at each time step.

4. Preliminary Results

This section presents preliminary results of applying the in-
dividual steps of the two-stage method. First, equations de-
scribing certain microstructural behavior for plain-carbon steel
are used, together with an appropriate optimality criterion, to
generate optimal strain and strain rate trajectories for isother-
mal conditions. The example uses a very simplified description
of microstructural evolution and does not represent a fully real-
istic application of the method of calculating the optimal trajec-
tories; however, it is quite sufficient for serving as a
proof-of-concept for the trajectory optimization scheme. Sec-
ond, a finite-element simulation of a U-section channel forging
is used to demonstrate the ability to use closed loop simulations
to find process parameter profiles that achieve certain simple
requirements on strain rate and temperature.

4.1 Optimal Trajectory Results

As an example of the use of this method, simplified versions
of the Yada equations[18] for dynamic recrystallization of
plain-carbon steel are used to derive optimal trajectories, al-
though the trajectory optimization is expected to be most useful
for more challenging materials. The optimality criterion is

t
3= eyl —x € )P + 0y G @) [26]
t

o

where x(e(#)) is volume fraction recrystallized, and d(e(d)) is
dynamic grain size. In this case, the assumed goals are simply
to maintain a small grain size and to achieve complete recrys-
tallization. Note that the material behavior constraints are not
considered. These quantities are simplified versions of the true
Yada equations and are obtained from them by assuming that
temperature is constant and the strain for 50% recrystallization
is also constant. In the formulation of the Yada equations given
in Irwin,[19] the second simplification takes the form

K
. 6
€y 5= K, ds s’%z[?] [27]
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where £ takes the value 1.0 s_lfor this equation only. This sim-
plification is done simply to make amenable the hand calcula-
tion of the required partial derivatives that appear in Eq 11.
With these simplifications, the expressions for grain size and
fraction recrystallized are, respectively,

d(H =K, [em1%; [28]

and

x=1-e [29]
where
QK,
=)
K=K (30}

and the remaining constants are

K, = 22,600
K, =-0.693
K,=1.144E - 3
K= 6420
K,=-027
Ky=0.28

and
3.82

STRAN-RATE (1SEC)

o] 0.05 a1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

TIVE (SEC)

Fig. 6 Optimal strain rate trajectory for microstructure control
problem posed for plain-carbon steel.
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Fig. 7 Optimal strain trajectory for microstructure control
problem posed for plain-carbon steel.
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Fig. 8 Predicted grain size behavior from control trajectory
found for plain-carbon steel.
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Fig.9 Predicted fraction recrystallized behavior from control
trajectory found for plain-carbon steel.
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Ky=0.05

The numerical results are given in Fig. 6 through 9 for the case
in which

T=1400K
t,=0
t,=05s
€(#,) = critical strain + 0.001
e(tf) =2
o, =25
and
o, =1

Figures 6 and 7 indicate that the optimum strain rate is es-
sentially constant. The strain rate profile in Fig. 6 is shown on
an expanded scale to illustrate that the optimization procedure
accounts for the fact that microstructural evolution is dynamic
in nature and cannot necessarily be treated as a static problem
in determining particular values of constant strain rate and con-

Y

stant temperature. The predicted microstructural evolution is
shown in Fig. 8 and 9.

The “almost static” situation encountered here is due to the
very restrictive assumptions that were necessary to allow the
manual derivation of the partial derivatives used in setting up
the condition of Eq 11. It is also important to note that workabil-
ity considerations (again, omitted to obtain a problem amena-
ble to manual derivations of the required partial derivatives)
will almost certainly require significant strain rate variations,
particularly for more challenging materials. Clearly, a great
deal of further investigation of the trajectory optimization tech-
nique is needed. These investigations are currently underway
using commercially available symbolic manipulation software
for automating the derivation of the necessary conditions of Eq
11. However, it is already clear that posing the problem of si-
multaneously obtaining acceptable microstructural properties
and satisfying workability constraints as a dynamic optimiza-
tion problem is a viable candidate for generating optimal mate-
rial behavior trajectories.

4.2 Closed Loop Simulation Results

In most hot die forging processes, it is desirable to reduce
the temperature variation within the deforming workpiece ma-
terial because it reduces the thermal stresses induced and leads
to a more uniform and defect-free microstructural configura-
tion in the final component. The example presented in this sec-
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Fig. 10 Finite-element simulation of plane-strain, forging of U-section channel.
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Fig. 11 Comparison of designed and constant die velocity pro-
files (plane-strain channel section forging).

tion demonstrates how the above objective can be achieved by
using the optimal control design scheme developed.

The simulation model used in this example is that of a sin-
gle-stage, plane-strain, U-section channel forging. Because the
channel section is symmetric about the y-axis, only one half of
it is modeled and analyzed, as shown in Fig. 10. A rectangular
billet made of titanium alloy (Ti-6242) is used as the starting
workpiece. The upper die is modeled using 96 elements, and
the lower die, which is flat, is modeled with 30 elements. The
billet itself is discretized into 80 finite elements. In all cases,
four noded isoparametric quadrilateral elements are used for
discretization purposes. The frictional condition at the
die/workpiece interface is modeled assuming a constant shear
friction factor of 0.3. An initial billet temperature of 946 °C and
aninitial die temperature of 315 °Cis assumed at the start of the
forging simulation. Simulation is started with an initial die ve-
locity of 7.6 x 10~2 m/s, and the total die stroke needed for
completing the forging process is 2.7 X 10~2m.

The design problem is posed as:

Objective: Reduce the temperature variation in the billet
Subject to: €, = 3.0571

Design variable: V

where V;is the die velocity; and Emax represents the maximum
strain rate among all the elements in the deforming material.
The constraint is on the rate of deformation and dictates that the
maximum effective strain rate in the billet be maintained at 3.0
1/s. The element having the maximum strain rate in the entire
workpiece domain can change as deformation progresses.
When this occurs, the control scheme automatically selects the
new element whose strain rate is to be monitored and control-
led. The design variable in this case is the die velocity, which is
fed back to the system at every simulation time step to carry out
further analysis. The simulation is continued until the specified
stroke is reached, and the die is completely filled. The outcome
of the entire design procedure is a ram velocity profile that sat-
isfies the design requirement in terms of strain rate and nodal
temperature. The processing conditions in this case have been
chosen arbitrarily just to demonstrate the methodology. For

712—Volume 2(5) October 1993
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Fig. 12 Maximum effective strain rates in the billet (plane-
strain channel section forging).

practical problems, suitable processing conditions may be de-
termined using material processing maps or from the optimal
trajectory determined in Stage 1.

Figure 11 depicts the designed die velocity trajectory for
this case, whereas Fig. 12 shows the effect of the designed ve-
locity on the strain rate of the deforming material. It may be ob-
served that the maximum strain rate in the workpiece is more or
less maintained at the required value. The designed (optimal)
ram velocity has an initial value of 7.6 x 10~2 m/s and gradu-
ally decreases with progress in deformation, consequently
maintaining the strain rate around the required value of 3.0 1/s
for the entire process. Toward the end of the stroke, there is a
sudden change in deformation mode of the workpiece material
as it comes in contact with the far end of the die. As a result,
nodes sequentially detach and reattach at the die surface caus-
ing some numerical instability in the system model and result-
ing in some fluctuation in the strain rate (Fig. 12). At the end of
the forging process simulation, the lowest temperature in the
billet was 795 °C, whereas the highest nodal temperature was
977 °C, thereby resulting in an overall temperature variation of
164 °C throughout the deforming billet.

As a comparative study, the same forging simulation was
carried out using a constant ram velocity of 2.5 X 1072 mys.
From Fig. 12, it is observed that, using this velocity, the maxi-
mum effective strain rate approaches the limiting value of 3.0
1/s only at the end of the stroke, whereas it is well below this
limit for most of the process. However, a constant die velocity
greater than 2.5 X 10~2 m/s would result in very high strain rate
values toward the end of the stroke, thereby violating the con-
straint. This restricts the largest constant velocity that can be
used for this process. Because the largest feasible constant die
velocity is lower than the designed velocity for almost the en-
tire process, use of the constant velocity results in a higher
die/workpiece contact time, allowing for more thermal interac-
tion between the die and the workpiece. This increases the heat
lost from the workpiece boundary, giving rise to a large tem-
perature gradient between the boundary and the interior ele-
ments of the workpiece. As a result, the temperature range
within the billet is also increased. It was determined that, at the
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Tablel Performance of designed process parameters
for the U-section channel forging

Constant  Designed
velocity velocity  Change, %
Maximum temperature, °C............ 973 977 0.40
Minimum temperature, °C . 680 795 169
Temperature range, °C ...... . 275 164 —404
Maximumg, 1/s ......... . 85 5.7 -33.0
Minimum e, 1/5.....ooounvereerinrennnne 09 0.6 -333
Erange, /s ..cvorvereerieerreenrreenenensinns 7.6 5.0 342
Process time, s.........coeuvevermvieneennne 1.0 0.5 -50.0

end of the forging process, the lowest and highest nodal tem-
peratures within the billet, for the constant velocity case, were
680 and 973 °C, respectively, contributing to a temperature
range of 275 °C. Using the designed die velocity thus resulted
in a 40% reduction in temperature range, thereby satisfying the
design objective. The designed velocity also contributed sig-
nificantly toward reducing the maximum load requirement and
overall process time for this forging example. The performance
and effectiveness of the design scheme can be gauged from the
results tabulated in Table 1.

5. Conclusions and Future Work

A two-stage method of calculating process control parame-
ters for hot metal deformation was presented. The two-stages
consisted of (1) calculating optimal strain, strain rate, and tem-
perature trajectories to achieve prescribed material behavior
based on process-independent workability and microstructure
development models and (2) the use of closed loop control of
finite-element-based simulations of the particular metal flow
process to calculate process control parameters that achieve the
optimal thermomechanical trajectories determined in the first
stage. Details of each of the two stages were presented, together
with the derivation of the state-space models necessary to the
design of closed loop controls for the finite-element simula-
tion. Although the resulting process control parameters ap-
proximately achieve the optimal strain, strain rate, and
temperature trajectories of the first stage, the parameters them-
selves are actually only near optimal. Although closed loop
control concepts and techniques were used in Stage 2 to calcu-
late the process control parameters, these parameters are open
loop inputs to the metalforming process, and the work pre-
sented does not represent a closed loop approach to the control
of metalforming processes. An independent, simplified exam-
ple problem for each stage of the current two-stage approach to
control system design was presented and solved.

Future work will be directed toward generalizing the opti-
mal trajectory software tools, enhancing the control design
techniques used in closed loop simulation control, developing
an integrated software environment for calculating process
control parameters, and applying the two-stage method to a
challenging hot deformation problem, namely forging of
gamma titanium aluminide integral blade rotor structures. The
immediate goal of all of these enhancements is to enable the
verification of the process control strategy in a realistic labora-
tory environment.
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