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A full-field {lolution for strains produced during axisymmetric extrusion 
may be obtained through a study of lalll.inar flowlinea which are pro4uced 
as the material flows through the die. A flow function is mathematically 
constructed, using the flowlines, to determine the material flow rate along 
the given path. From the flow function, the strain distribution is 
calculated. The technique is referred to aa the vieioplaatic method.! 

Velocities and strain-rates are determined along the flowlines. The 
strains are obtained by inteqratinq the strain-rates. The large material 
deformations experienced during extrusion and the changing flow paths both 
require changing coordinate directions. 

For cast or solid metal, the material flow rate may be considered as the 
volumetric flow rate. This is not possible for powder metal due_ to the 
variable density of the materiaL Por powder metal (P/M}, the flow 
function is constructed as the mass flow rate and includes a density 
function. 

Flowline curves are determined experimentally from the stamped rectangular 
grid which was originally placed on an axial plane in a pre-extruded 
billet. For the powder metal billet, density values must also be 
determined experimentally. Both sets of measurements are made from a 
billet which is extruded part way through the die. The remainder of the 
solution uses numerical approximation, differentiation and inteqration to 
determine strain values. 

The method has been applied to the axisymmetric extrusion of cast and 
powder aluminum billets. Material deformation was studied for the powdered 
metal billet using the Scanning Electron Microscope. 

PROCEDURE 

The extrusion billet is separated along an axial plane into two halves. 
A rectangular grid is aligned with the billet axis and is ink stamped onto 
one surface of the billet. 

Following extrusion halfway through the 45 degree conical die, the billet 
is removed and separated to expos$ the deformed grid as shown in Figure 1. 
Two types of experimental curves, flowlines and isochronal&, are produced 
during extrusion. Flowlines, oriqinally parallel to the billet axis, 
represent displacement of the material during deformation while 
isochronals, originally perpendicular to the billet axis, represent 



constant time intervals. The isochronal lines have no direct role in the 
strain solution. However, they are valuable for checking the numerical 
pr0¢edures. (It is possible to construct them DW!lerically using intelJrated 
elapsed time values. 1 J 

For cast billets, a flow function (or volumetric flow rate} is developed:l 
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where r is the radius from the billet axis to a given flowline and v is 
the velocity of the material. For powder material the flow function 
becomea:2 
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where p is the density. Velocities in the axial and radial directions may 
be stated in te~s of the flow functions (eq. 1 or 2). 

Solution for Strain proceeds by first determining strain-rates from the 
velocities or from the varying flow function. Strain-rates are first 
determined in polar cylindrical coordinates and are then transfo~ed to 
curvilinear coordinates parallel and no~al to the flow linea. The latter 
strain-rates are then integrated to obtain strains explicitly. Flow 
function, material density, intermediate values for derivatives, and final 
strain values are all dete~ined at solution stations which are located 
at the intersections of the flowlines and numerically placed radial mesh 
lines that are superimposed on the deformed grid pattern. 

Density values are determined using several discrete samples from the 
partially extruded billet. Samples, approximately a 5 mm cube~ are weighed 
using a precision balance and the volume measured using the displaced 
volume of a fluid. 

Metallurgical study of the defo~ed P/M billet is carried out for selected 
density eamples, After mounting and polishing, each sample was examined 
using a Scanning Electron Microscope. 

EXPERIMENTS 

Cast billets consisted of commercial ALCOA 1100 aluminum. The billets were 
8. 9 em in diameter and 10. 2 em long. The grid was ink stamPed onto one 
surface with high temperature ink. The billet halves were welded together 
along the outer edge. The extrusion ratio was 12.4: 1. The extrusion 
'container and die temperatures were 350°C. 

For all extrusions, the billets were preheated to 42S"C. A water base 
graphite lubricant was used. The extrusion ram speed was 46 em/min. 

RESULTS 

Strain contours are shown in Figures 2-5 for the powder material. The 
extensional strains for cast and powder billets are similar but the 
accumulated shear differs greatly. Accumulated shear contour plot for the 
cast billet is shown in Figure 6 for comparison. 

For cast material, the highest accumulated shear value occurs a short 
distance from the surface while the highest value for the extruded powder 
occurs immediately adjacent to the outside surface (sheath). The maximum 
shear value for the P/M rod is about 2.5 times larger tha.n for the cast 



rod. For the P/M extrusion, there is also a fluctuation in the ehear along 
the die wall. There is an increase in magnitude at the die entrance 
followed by a Qec::-e~ee along the taper region of the die and finally a 
sharp increase at the die exit. The fluctuation in the accUIIulated shear 
is likely due to a relatively lower shear coupling (or modulus) at the 
extrusion temperature in the powder material than that experienced in the 
cast material. Such lower shear coupling would parmi t local accumulated 
shear peaks. 

During extrusion, deformation of the P/M compact ia confined to the die 
area. The strain distribution in the die changes along each flowline 
according to the location in the deformation zone. Structural chanqes 
occur which can be seen in Figure 7 for several locations in the partially 
extruded billet. 

Outside the die area, the microstructure is similar to the originally 
compacted powder. The material at the entrance radius to the die appears 
severely deformed and may be due to a localized dead metal zooe. However, 
at the outer most boundary sheai strain occurs immediately when the 
material enters the die. The extensional etraina are initially zero but 
increase as the material moves alonq the flowline to the exit. The 
combination of large shear and extensional strains produces large 
deformations within the die region. The larqest values occur at the outer 
exit. The photomicrograph of the extruded rod shows extensive deformation 
at the outer edge. Near the billet axis, the shear strain is zero and the 
extensional strains relatively small at the die entrance. About halfway 
through the die. the extensional strains are increased and elongation of 
the particles is observed. At the exit, the average accumulated shear 
strain is small for the samples and deformation appears leas than at the 
outer surface. 

For the extruded P/M rod, the material appears to have a slightly higher 
density at the surface than at the center. Individual density measurements 
support this thesis. In the photomicrographs, there 4re 1eaa aluminum 
oxide stringers and voids visible at the surface than at the- axis of the 
rod. 
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