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nd physical modelling and measurements on realABSTRACT

Research on process modelling of forging and extrusio^of 
aircraft engine and structural parts has been conducted and 
powerful and efficient software developed for the analysis of metal 
flow during forging and extrusion of complex shapes using the 
rigid-plastic and rigid-viscoplastic finite-element method. New 
constitutive equations and flow rules have been developed for 
fully, dense as well as partially dense P/M material and this, 
information integrated int the analysis software through a 
material data base.

1. Introduction

The availability of computers makes possible the 
analysis of metal flow during complex metal-working 
processes Such as hot forging and extrusion of aluminium 
alloys. Coupled with geometric modelling and suitable 
pre- and postprocessors, the Finite Element Method 
(FEM) has proven to be the most practical means of 
Solving current complex metal-working problems. The 
use of the FEM has spread from the design and analysis 
of components and structures to the analysis of metal- 
.working processes, which aids 'in die design and 
manufacture and production of components having 
controlled microstructure and properties in near-net- 
shape geometries.

This paper emphasizes one aspect of an overall 
strategy into process modelling ot hot forging and 
extrusion of aluminium alloys. The approach adopted 
here is, in principle, similar to that used in the past by 
other researchers and is illustrated in Fig. 1. Analytical
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systems have been undertaken concurrently and in 
parallel in order to understand the processes and 
converge on real metal-working conditions and to use 

.this'knowledge to control the process variables and, in 
turn, obtain the desired results.

The computer has become a key element in this 
overall system and is used in each of the areas mentioned 
above as well as in the integration of the overall system 
into one coherent system. A major stumbling block! 
to this type of development has been the lack of appro
priate software, and part of the present investigation 
has been directed toward rectifying this situation.

Results in the following areas of research and 
development in process modelling are presented in this 
paper : -

(1) Development of a rigid-plastic and rigid- 
viscoplastic FEM and its application to a 
variety of problems in hot forging and extrusion 
of aluminium alloys.

(2) Development of a generic flow rule and' 
constitutive-behaviour model for partially dense 
as well as fully dense P/M aluminium alloys.

2. Analytical Modelling

Several methods are -available for the analytical 
modelling of metal-working processes. Generally, they 
fall intON the following categories : (1) the slab method 
which restricts the change of stress to only one direction,
(2) the uni for m-defor mat i o ii-energy method which 
neglects redundant work involved in internal shearing 
due to non-uniform deformation, (3) the slip-line field 
solution which is limited to rigid-plastic materials under 
plane-strain conditions,, and (4) the bounding methods 

■ which provide fairly good estimates of the upper and 
ower limits of the deformation force but cannot provide 
details of local stress and strain distributions.

Due to the rapid development of computers and 
numerical meth’ods, the FEM (1-2) has become popular 
for the solution of metal-working problems. The 
elastic-plastic FEM has been used to Solve a variety of 
problems in elastoplasticity such as flat indentation,
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upsetting, extrusion, and expansion of a hole in a 
plate (3-7). The elastic-plastic FEM offers a number of 
advantages by providing accurate solutions and allowing 
complex material properties and boundary conditions 
(at die/material interfaces, etc.) to be incorporated 
easily. However, it is not economical for the solution 
of large deformation problems encountered in actual 
metal-forming situations. Although neglecting elastic 
strains, the rigid-plastic FEM developed by Lee and 
Kobayashi (8) offers definite economic advantages over 
the elastic-plastic FEM. Their method has been 
Successfully applied to the analysis of various problems 
such as Solid-cylinder upsetting, ring compression, 
extrusion, and sheet bending-(9-12), to the piediction 
of defect formation in upsetting (13) and extrusion (14), 
and to the measurement of die-workpiece friction (15). 
Recently it has been extended to thermo viscoplastic 
analysis of titanium-alloy forgings (16). Through the 
use of a similar variational principle, Godbole and 
Zienkiewcz (17-18) and Price and Alexander (19-21) in 
parallel studies Solved the rigid-viscoplastic and viscous- 
flow problems.

The approach used in the present study is similar 
to that followed by Kobayshi and co-workers, in 
particular, Oh (22). Details of the formulation of the 
problem—including the rigid-body treatment, boundary 
conditions, incompressibility constraints, and initial 
solutions—are dealt with elsewhere in the literature 
and are not repeated here. However, the relevant 
equations are summarized in the following Section. The 
current research effort was directed toward refinement 
of the method (22) to solve more complex problems 
involving complicated multiple-die geometries and 
partially dense P/M metal-matrix composites and 
establishment of the capabilities and limitations of the 
method by solving a variety of real metal-working 
problems. A second objective was to develop efficient 
and user-fiiendly pre-ana post-processors for the FEM 
package, including automatic re-meshing of the FEM 
grid before the original mesh undergoes se /ere distortion 
which results in ill-conditioned matrices.

3. Finite-Element Problem Formulation

The rigid-plastic and viscpplastic FEM formulation 
can be summarized as follows :

(1) Equilibrium conditions, neglecting body forces,

0ij,j = o

where Ojj is the stress tensor and, j denotes
partial differenciation with respect to j.

(2) Compatibility condition

6ij =  & <Vjj -f- Vj,i)

where €ij and Vi are strain rate and velocity 
respectively.

(3) Constitutive relations

O'ij =  |  &  6i0
e

where O'jj are the deviatoiic components of 
the stress tensor

and

o =  \ /  2 O^ij 0 ’ij)

- 2 . . N 
6 -  j'/  ̂ ( f i j  £ij)

These constitutive equations are valid for ingot- 
metallurgy (I/M) alloys. For powder-metallurgy 
(P/M) alloys, these equations must be modified 
to include the hydrostatic stress as shown in a 
later section. The flow stress 5  generally is a 
function of total strain, strain rate, temperatuie, 
relative density, and microstructuie.

(4) Boundary conditions

Ojj m =  Fj on Sp 

Vi mm Vi on Sy

and |fs | =  fiictional stress with the proper 
sign, where m is the unit vector normal to the 
suiface.

Equations (1) - (4) can be put into the variational 
principle as

50  =  5 1 / E  (6*) dV +  /£ K e * 2 dV

- / { / f s dvs } d S - / F jV j« d S j- 0

where the work function E (6) can be expressed as 

E (C) =■ J  q o df
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Here K is a large positive constant which 
penalizes the dilational strain, and * denotes the 
restriction of the velocity fields to the trial space. 
The standard procedure for discretization of 
this functional can be found elsewhere (1).

4. Examples in Forging and Extrusion

Examples are given below to demonstrate the 
potential of the FEM. The first example is a spik$- 
forging analysis which has also been used to validate 
the FEM formulation (22). In spike forging, a cylindrical 
billet is defoimed between dies having internal contour 
similai to the spike geometry with given draft angles 
and fillet radii. Material near the outside diameter 
flows radially outward, while the portion near the 
center is extruded, forming a spike. The material flow, 
measured by the spike height, is dependent upon the 
interface friction and the geometries of the dies and 
billets (23-24).

Isothermal spike-forging analysis was performed 
for several friction conditions and die geometries. This 
parametric Study was aimed at determining the sensitive, 
critical parameters which can be used to control the 
spike-forging and also other metal-working processes. 
Spike-forging results under two different frictional 
conditions are shown in Figs. 2 and 3. The diameter 
of the undeformed cylindrical billet was 2.4 in. (61 mm.)

HEIGHT (in.) 

ft.On

HEIGHT.

Flgur« 3 . Spike Forging (a • 0 .8 ) .

and the height was 3.2 in. (81mm.). The material in 
this particular case was A1 1100 at 20° C. The incre
mental displacement of the upper die for each step was
0.02 times the height of the original billet. Typical 
time required for one run is 4 min. CPU time in a 
CDC 6400 computer.

It is interesting to note that a higher spike is formed 
with highei friction. A detailed study on this observa
tion by Oh (22) has been made; he compared his FEM 
results and experimental results and found excellent 
agreement. These studies have shown that friction 
and die and preform geometry influence metal flow 
during the forging process.

Figure 2. Spike Forging (a • 0 .2 ) .

A second example concerns the extrusion of an 
Al alloy through a variety of dies having different 
geometries. This example has become a part of the 
study on extrusion of “difficult-to-extrude” metal- 
matrix-composite P/M materials. The objective here 
was to optimize the die design So as to (1) streamline 
the metal flow and (2) achieve the desired combination 
of hydrostatic and shear-stress compionents. The first 
objective is important for maintaining near-homogeneous 
deformation and, hence, preventing breakage of the 
whiskers; the second is important in achieving uniform 
densificadon without any unzipping at the pores in 
the preforms.
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Typical results obtained in extrusion for a particular 
geometry are shown in Fig. 4, with GPU time for a 
computer run being 1 min. It was found from this 
study that die geometry, friction, and extrusion ratio 
have definite influence on the final properties of the 
extrusion for given material and processing conditions.

HEIGHT HEIGH HEIGHT

two variables A and B. He assumed the stress distri
bution to be uniform in two directions through the 
minimum section of the array and the effect of the voids 
on the stress in the third direction to be negligible on 
the planes midway between the voids. Oyane Shima, 
and Kono (26) determined A and B using more 
stringent assumptions. They found poor agreement 
between their theoretical and experimental results and, 
therefore, .reported experimentally determined values in 
a later paper. Shima and Oyane (27) abandoned this 
analytical approach entirely and instead refined empirical 
relations obtained for their experimental values. Kuhn 
and Downey (28) also presented experimentally obtained 
values for these two variables. However, in the present 
study, the authors derived these variables taking into 
account the distortion energy due to total stress tensor. 
The final equation obtained is

0.0 0.0 
RAO IU S

S .9  
RADIUS

9,9. 2.0
RADIUS

(2+R Y J2 +  '--A L  ^  =  (2RM) Yo

f ig u re  A. Extrusion Through Streamlined Die, U 00 Aluminum 
* t 20 C, Die Length -  3 Inches.

5.
Flow Rules and Constitutive Relations for P/M Alloys

The design of billet-consolidation processes and of 
the dies used to forge or extrude porous P/M materials 
to full density requires a special yield function for the 
plasticity analysis. The plastic-flow behaviour of 
porous P/M materials is more complicated than that 
of ingot materials because the hydrostatic component 
of stress influences the onset of plastic flow. The 
effect of hydrostatic stress is taken into account by 
considering a yield function of the form

Theoretical curves along with experimental results for 
the uni-axial state ol stress are shown in Fig. 5. This 
figure not only shows good agreement between , the 
theoretical and experimental lesults but also explains 
the influence of hydrostatic stress at various density 
levels. When full densification is achieved, the function 
automatically becomes the von Mises yield function. 
The relative density-plastic strain relationships for the 
uni-axial State of stress, the plane-strain condition, and

-i

-l
AJ, +  BJt =  Yr =- SY o-

Here J2 is the second invariant of the de viator ic stress 
and Ji is the first invariant or the hydrostatic component 
of stress. Yo and Y r  are the yield stresses of fully 
dense and partially dense materials respectively. A, B, 
and 8 are functions of relative density.

Many researchers have determined these constants 
through heuristic arguments and the use of experimental 
results. Gieen (25) presented an analytical method 
which considered a uniform cubic array of spherical 
voids in a Solid under states of stress corresponding to 
pure shear and hydrostatic compression. The results 
for these two stress states allowed determination of the

Figure 5. Y ie ld .Surface in J 1 and j ’ Space.
X «■
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the repressing have also been derived, using this yield 
function (Fig. 6). ThtSe relationships can be used to 
determine the total defoimation required to achieve 
full density.

In order to study the effect of strain rate upon 
denSification during hot working, a constitutive model 
has been developed by the present authors for CT 
91 (X7091) A1 alloy. Uni-axial compression tests have 
been conducted at different temperatures and strain 
rates. From these results the hot-working temperature 
has been selected and the values of flow stress plotted 
in three-dimensional coordinates as a function of 
density and strain rate using the computer, as shown 
jn Fig. 7. This data base has been used in the model

C1.00, 70 ,

mentioned above for studying geometric strain hardening 
(denSification) during various metal-forming operations.

6. Conclusions

This paper has described an overall concept for 
use in computer-aided process modelling of metal
working operations. It is concluded that the FEM is a 
very powerful technique which can provide accurate 
Solutions to complex metal-working problems under a 
variety of process conditions. The importance of 
undertaking a parametric study to establish the sensitive 
critical parameters which can strongly influence the 
process is demonstrated. These critical parameters can 
then be effectively used to control the process in a 
computer-automated factory environment. This study 
shows the strong correlation among the preform and 
die geometry, the interfacial friction, and the material 
properties which control the product quality and 
reliability. The development of a new flow function1 
and constitutive behavior model for P/M alloys is 
considered to be a major breakthrough in understanding 
the processing ©f P/M alloys.
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