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ABSTRACT

The article provides some experimental data and some associated theoretical work,
which should aid in assessing the suitability of certain steels designated for cold forging
operations. The compression of a circular cylinder is often used to assess cold forgeability.
Alternative specimen geometries for laboratory upsetting tests are illustrated herein. It is
demonstrated that, for a given material, the specimen geometry can have a marked
influence on the shape and level of the strain path at a point on the equatorial free surface of
the test piece. The so-called collar test eliminates the need for a grid of lines on the surface
of the specimen from which the hoop, g, and axial strain, ¢,, is determined. Information is
presented which indicates that the results from the different upsetting tests do not lie on a
single fracture line, as proposed by Kuhn. Four distinct upsetting tests are modelled using a
finite element (F.E.) analysis, based on a rigid-plastic, incompressible, rate-insensitive solid.
The material characteristics were obtained from uniaxial compression tests on AISI 1045
and 1144 steels in a spheroidized and annealed condition. Experimentally determined
strain path data and geometric changes could be described quite accurately using the F.E.
analysis, a reliable fracture criterion needs to be established before the F.E. model can
predict the fracture limit. :
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INTRODUCTION

It is exceedingly difficult to define quantitatively the ability of a material to be warm
or cold forged. Cracking in materials designated for forging operations generally occurs by
ductile fracture mechanisms. The limit of the forming process is governed by a complicated
interplay of such factors as material structure (the nature of the second phase particles,
inclusions, ete.), temperature, rate of deformation, tool and workpiece geometry, and the
friction at the interface of the tool(s) and the workpiece.

A test often used to assess the cold forgeability of a material is the upsetting of a
circular cylinder, see Fig. 1(a), until the appearance of surface cracks. This simple laboratory
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el (usually performed quasi-statically) is obviously not representative of many industrial
furging operations. However, open die forging and heading can be regarded as upsetting
aperations, and the laboratory test does permit a comparison to be made between different
smaterials in an upsetting process.

One drawback when upsetting circular cylinders is the need to mark a grid of lines (or
#ireles) on the surface to obtain a measure of the strains at fracture. Furthermore, when using
ductile materials, very high loads are required (even with small diameter test pieces) to
promote surface cracks; therefore, high capacity testing machines are called for. To overcome
these disadvantages, some alternative testing procedures were explored by Brownrigg et al.
{1}, As a result of the work of Ref. [1] and subsequent studies [2-4], the tests shown in Figs.
i(h) to (d) were proposed. All of these upsetting operations resulted in a lower fracture strain
_ vis & vis the test method of Fig. 1(a). The test shown in Figs. 1(b) and (c) has been named the
'ﬁj!g; test, while that of Fig. 1(d) is referred to as the punch test. The collar test eliminates
the need for a surface grid, since the hoop, €9, and axial, e,, strains can be obtained by
moasuring the diameter and thickness, respectively, of the collar.

The investigations performed in Refs. [1-4], using the upsetting tests of Fig. 1, have
indicated that, for a given material, the fracture strains do not lie on a straight line with a
alope of eg/e, = —3. A straight line fracture locus had been proposed by Lee and Kuhn [5], and
supported by other workers, but primarily for the upsetting of circular cylinders.

. Some fracture data [1] for a 1045 steel is shown in Fig. 2. It is evident that the shape
and level of the e, —ez strain path is very dependent upon the specimen geometry. The
essentially linear strain path and the low fracture strains for the collar test of Fig. 1(b) are
typical of the behaviour of a variety of commerical steels tested in Refs. [1-4]. For the upset
tosts depicted in Figs. 1(a) and (d), the gy — &z strain data were obtained by measuring a 1.27
mm square grid which had been photographically printed on each test piece at its mid-height.

The purpose of the present study was to perform a finite element (F.E.) analysis for
each of the upsetting tests shown in Figs. 1(a) to (d), and to compare the theoretical
predictions with some of the experimental data gathered in Refs. [1-4]. The materials
considered were AISI 1045 and 1144 steels in an annealed and spheroidized condition. The
1144 steel is essentially the 1045 grade, but with a higher sulphur content and a concomitant
larger volume fraction of inclusions.

MODELLING OF THE UPSETTING TESTS

True stress (0)—strain () data for each of the materials were obtained from
compression tests on cylindrical test pieces. The tests were interrupted to renew the lubricant
on the end faces of the cylinders. The stress-strain curves were fitted by the following
empirical expression

G=A(B+ 8" 1)

The parameters A, B and n were determined using an optimization routine to provide the best
fit to the experimental data. The results are given in Table 1, and the data were used in the
F.E. analysis. The material is assumed to be a rigid, incompressible, rate-insensitive solid.

Due to the symmetry of the specimens shown in Fig. 1, only one-quarter of the test
piece needs to be considered in the analysis. Up to 100 quadrilateral elements were used in

the F.E. mesh to characterize each specimen.

In the present study, the frictional stress, t, at the interface of the workpiece and the
compression platens was assumed to be represented by

v = mk, (2)
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where 0 = m < 1 and k is the shear stress of the material. For the compression tests of Fig.
1(a), the following conditions were considered:

i) 0 = m =0.25, to represent a well lubricated condition,

ii) m = 1.0 to represent an unlubricated condition but with material shearing across the
platens, i.e. the shear stress of the material is reached and slides across the platens,

iii)  sticking friction, such that there is no relative sliding once the material comes into
contact with the platens.

For the punch tests of Fig. 1(d), m was selected as either 0,.0.1, 0.25 or 1.0. For each of the
collar tests in Figs. 1(b) and (c), a sticking friction condition was assumed. With the geometry
shown in Fig. 1(b), material from the cylinder wall is folded back to contact and adhere to the
platens as the test progresses. No lateral flow of the end flanges is possible with the test piece
shown in Fig. 1(c), since they locate in recesses in the compression platens. In this case, the
cylindrical portions of the test piece between the end flanges and central collar are bulged out.
At higher reductions, the bulging can be so severe that contact is made with the end flanges
and the central collar. Overlapping of the F.E. mesh can ensue and the numerical solution is
terminated at this stage.

Details of the finite element analysis and of the algorithms employed can be found. in
‘Refs [6-9]. :

Table 1
A
Steel (MPa) n B
(a) 1049 0.18 0.03
1045
(s) 1014 0.28 0.05
(a) 1092 0.14 0.03
1144
(s) 1250 0.26 0.05

Initial yield strength Y, = AB™.

RESULTS AND COMPARISON WITH EXPERIMENTAL DATA

1) Strain Path

Figure 3 shows the comparison between the predicted and experimentally determined
£g — g, strain path for the compression test of Fig. 1(a). The material was an AISI 1045 steel in
either a spheroidized (s) or annealed (a) condition. The strains were evaluated at a point on
the equatorial free surface. The results are quite typical, and by altering the interfacial
frictional condition in the F.E. model, excellent agreement can be obtained.

Some results for the punch test, see Fig. 1(d), are given in Fig. 4 for an annealed 1045
steel. Predicted and experimental data for the collar test of Fig. 1(b) is illustrated in Fig. 5.
Again, the material is a 1045 steel in either an annealed or spheroidized condition. The strain
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path is calculated for two locations in the collar specimen. The location F is a point on the free
surface of the collar, while the location E is an interior point — see the inset diagram in Fig. 5.

i) Stress Calculations

Figure 6 shows the calculated hoop, gy, axial, g,, radial, o, and hydrostatic stress, o,
at a point on the equatorial free surface during the compression test. The calculations have
been performed for an annealed 1045 steel, assuming sliding friction with m = 1.0. In
pructice, o should be zero at the free surface. The small negative value of this stress
component in the F.E. analysis arises because an average value is calculated within an
element, and only one side of the element is contiguous with the free surface. The small
ouscillations in some of the stress components at larger reductions is another feature of the
¥ E. calculations. The analysis allows for one complete element only (and not part of an
element) being folded from the side of the cylinder to come into contact with the platens.
tHence, there is an abrupt change in the contact area. These undesirable features can be
minimized by reducing the size of the mesh.
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anr Similar calculations for the collar test of Fig. 1(b) are shown in Fig. 7; again, for an

annealed 1045 steel. The calculations have been performed for two locations within the
specimen referred to earlier, i.e. point E shown in Fig. 7(a) and point F in Fig. 7(b).
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Note that for all the upsetting tests, the theory predicts that the hydrostatic stress at
the free surface becomes progressively more tensile as the deformation proceeds. For the
collar tests, the hydrostatic stress is tensile from the outset, while for the compression and
punch tests, it is initially compressive and the rate of change to a tensile state increases with
increasing interfacial friction.
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iii) Material Flow Patterns

The F.E. analysis permits the determination of the velocity or displacement vectors of
cach point within the mesh during the course of an upsetting operation. In the present work,
the hardening behaviour of the material had little influence on the gross flow characteristics
in any given test. Figure 8 illustrates the results that can be obtained from the computer
program. The diagram pertains to the collar test of Fig. 1(c) for a spheroidized 1144 steel.
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CONCLUSIONS

Previous experimental studies [1-4] and the present F.E. calculations (also in Ref. [8])
have demonstrated the influence of the specimen geometry on the shape of the eg— ¢, strain
path during upsetting operations. In turn, the strain path dictates (in a continuum sense) the
nssociated stress state, and together they influence the events leading to fracture. The F.E.
analysis used herein is not capable of revealing the micro-mechanisms which actually lead to
fracture. The material characteristics are accounted for only through the stress-strain
behaviour.
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The experimental stress-strain curves for the two steels, subjected to the two heat
treatments, were quite distinct, and yet this was not reflected in any significant way in the
various F.E. calculations. The experiments demonstrated that, for a given material, the
spheroidized condition was superior to the annealed condition. Furthermore, the 1144 grade
was inferior to the 1045 grade. Consequently, additional information needs to be incorporated
into the F.E. model before it can be used to predict the onset of fracture. Unfortunately, the
absence of a truly predictive failure criterion is a shortcoming not only of the present work but
of the majority of F.E. studies of sheet and bulk metal forming operations. However, it is
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encouraging that the present analysis is capable of predicting exterior (contour) shape
changes and the strain path at the equatorial free surface during the various upsetting tests.
Consequently, some confidence can be placed on the predicted stress and strain states (at
least, in a macroscopic sense) at any point within the body of the specimen throughout the
test. It should be noted that the computational costs are small. It takes about 8 minutes on a
CDC 6400 computer to obtain the results for the stress and strain states and the flow patterns
for a complete upsetting test.
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