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FOREWORD

This report was prepared by the University of California, Mechsnical
Design, Berkeley, California, under USAF Cortract F33615~70-C-132G, The

contract was initiated under Project Ne. 7351, "Metallic Materials,"”

Task No. 731508, "Processing of Metals,” and administered under the
direction of the Air Force Materials Laboratory, Wright-Patterson Air
Force Base, Ohio with Mr, Sidney O. Davis as Air Force Project
Engineer.
This report, published in two parts, describes the results of re~
search conducted during the period from February 1970 to December 1970,
- The manuscript was released by the authors in February 1971 for publi-

cation as a technical report.
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ABSTRACT

The aim of the present investigation is to study the mechanics
of plarctic deformation and to find the relationship between defects
formation and deformation characteristics in typical forging processes;
namely plane~strain side-pressing and axisymmetric plastic indentation.

This report consists of two parts, In the first part, the in-
vestigation was undertaken to examine the detailed deformation
characteristics involved in axisymmetric plastic indentation. Circular
punches with flat and hemispherical ends were indented into specimens
prepared frow SAE 1215 steels under as-received and annealed <onditions.
The load-displacement curves were recorded, and measurements were made
of the geometrical changes of the workpieces and of the strain dis-
tributions for various punch-workpiece dimensions. Furthermore, the
mode of deformation was examined by revealing the flow lines, and
fracturing of the workpiece was also observed,

In the second part, the detailed mechanics of the side-pressing of
circular cylinders under plane-strain conditions were obtained, based
on the observed flow patterns of commercially pure aluminum and copper
specimens. Slip-line fields and corresponding hodographs were con-
structed, and stress calculations were madz, taking into account the
actual material properties. The effects on th. deformation characteris-
tics of friction at the interface, material properties, znd initial
geometry were examined in terns of fiow lines and strain and strain-

rate distributions,
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SECTION I. INVESTIGATION OF THE DEFORMATION CHARACTERISTICS
OF AXISYMMETRIC PLASTIC INDENTATION

by
M. M. Sehgal® and Shiro Kobayashi**

1. INTRODUCTION

The process of indentation has been the subject o7 research in
metal deformation by many investigators for almost half a century.
Using the slip-lint method exteansively for theoretical anaiyses,
the investigators obtained solutions of the deformation mechanics
occurring at the yield point for the plane-strain [1—4]T and axi-
symmetric [5] flat punch indentations of rigid-plastic materials with
no work-hardening. A number cof publications can also be found in the
literature on theoretical and experimentzl investigations of indenta-
tion by wedges, balls, and cones [6-147]. Since these investigations
are concerned mainly with problems related to hardness testing, the
vicinity of indenters is the principal area of interest, Problems of

flat punch indentation into specimens of finite dimeasions under plane-
strain as well as axisymmetric conditions were treated by Lee and
Kobayashi [15]. They obtainea the detailed mechanics of indentation
beyond the yield peint, taking into account the actual material's
property. However, the range of punch penetration considered in the

investigation was such that the overall geometrical change of the

* Senlor Engineering Alde, presently, Assistant Engineer,
Kaiser Engineers, Cakland, California.

**professor of Mechanical Engineering.

t Numbers in brackets refer to references at -he end of Part I.
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workpiece was insignificant,

In recent years the process of irdentation has attracted special
attention as one cf the basic operations involived in incremental
forging, Incremental forging is the shaping of a workpiece by the
repeated application of a punch whose contact area ig¢ considerably
smaller than the projected area of the desired foriing. The pattern
of metal flow during the relatively deep penetration of the punch is
a primary interest in incremental forging. For this range of indenta-
tion, the geometry of a workpiece of finite dimensions continuously
changes, and the load-penetration relationships may depend >n the
specimen size and the pattern of metal flow, 1In this rega.d most of
the previous investigations failed to provide direct information on
metal flow during the forging operation, and only a few dealt with the
problem of deep indentation.

Takahashi [16,17] investigated the deformation patterns in deep
indentation by measuring the strain distributions along the workpiece
surfaces with strain gages. Copper specimens having various values
of work -hardening coefficients were indented by a flat cylindrical
punch, and the dependzncy of the deformation patterns on the work-
hardening coefficient of the workplece material was observed, To

test the validity of simulating the hot forging of aerospace materials,
Abramowitz and Schey [18] examined the mode of deformation for plasti-
cine, lzad, and commercial aluminum during axial upsettinc-plercing
between punches with a workplace overhang. The nature of defurmation
was churacterized by various dimensions of deformed specimens, and the
effects of workpliece geometry ahd punch radius on the deformation were

evaluated quantitatively., Realizing that there was s dearth of
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information on incremental forging, Male [19] attempted to determine
basic information on the plastic indentation of metals with simple
punches, His investigation was concerned with the effect of the major
process variables on the punch pressure, and on snape control of
workpiece during the indentation of circular blocks of aluminum, The
principal variables for the study were the punch diameter-workpiece
diameter ratio, the punch diameter-workpiece thickness ratio, the
punch nose profile, and the lubricaticn,

The present investigation was undertaken to examine the detailed
deformation characteristics involved in axisymmetric plastic indenta-
tion, Circular punches with flat and hemispnerical ends were indented
into specimens prepared from SAE 1215 steel under as-received and
anncaled conditions, The lvad-displacement curves were recorded, and
the geometrical changes of the workpieces and the strain distributions
were measured for various combinations of punch-workpiece dimensions,
Furthermore, the mode of deformation was examined by revealing the

flow lines, and fracturing of the workpiece was also observed,

2. EXPERIMENTAL PROCEDURES AND MEASUREMENTS

The experiments consisted of a series of tests involving the
indentation of circular punches into a cylindrical workpiece of SAE
1215 steel, Solid cylindrical specimens were prepared with o diameter
of 1.75 in, and with thicknesses of 0,214, 0,440, 0,875, and 1,75 in,
The workpiece under the as-recelved condition was machined from 2-in.-
diameter extruded bar stock., For the annealed conditior: the workpiece
was machined to size and heated to 1600°F for 4 hours, followed by

cooling in the furnace, The stress-strain curves for the steels under
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tke two conditions are given in Fig. 1. Circular punches with flat
and hemispherical ends and flat dies were made from Graph-Mo and
heat-treated to & hardness of Rockwell C 55, These punches and dies
were then ground and lapped to a 7 ~ 10 uin. surface finisk. The
diameters of the punches were 0.283, 0.440, and 0,750 in., and the
flat punches each had a corner radius of 0,05 in. The values of the
workpiece diameter-punch diameter ratio'(Do/do) and workpiece thick-

ness-punch dizmeter ratio (Hoido) are summarized in Table 1.

TABLE 1. PUNCH AND WORKPIECE DIMENSIONS AND THEIR RATIOS

Workpiece A B (o4 D

D;T::;z:‘:er T;:cm;::ss 0.2:4 | 0,440 | 0.875 | 1.75

dge 1n. n/p_ lo.122 | 0.250 | 0.500 | 1.00
Dofdo Hofdo

Al 0.75 2.34 0.285 | 0.587 | 1.17 | 2.34

8| 0.440 4.00 0.487 | 1.00 | 2.00 | 4.00

c| o.203 6.00 0.730 | 1.50 | 3.00 | 6.00

Do: workpiece diameter (= 1.75 in.)

do: punch diameter; Hc: workpiece thickness

Tests were conducted for all conditions of the workpieces made from
as-received steel, but only punches of 0,440 in., diameter were used
{for tests on anncaled steel specimens.

An apparatus consisting of a punch and die set, including a

jpecimen-centering device, was constructed, With this apparatus,

s &b
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shown in Fig. 2, indentation was performed by a 160,600 Lb, Tinius
Olson Testing Machine at the slow speed of 0.05 in/min. The work-
plece, punch, and die were lubricated with Punch-0il for 21l the
tests, The displacement of the punch was measured by a defiectometer,
and the load-displacement curves were obtained o a recorder attached
to the testing machine. The specimens were indented to depths ranging
from 0,15 in, to 0,25 in,, and the surface geometry was measured at
various stages of punch displacement. The strain distributions along
the workpiece surfaces wore computed from measurements of the distor-
tion of grid patterns printed on the end surfaces of the specimens.
The grid distortions were measured by a toolmaker's microscope, and
the surface profile was determined by a dial indicator arrangement,
shox¥n in Fig. 3, to an accuracy of 0.001 ir, The flow lines were re-
vealed by etching at various configurations, and the location of the
critica! deformation for fracturing was determined from observations
of crack formation. For identificatiou of test conditions, the

following symbols were used:

AB - A indenter; B specimen; flat punch; as-received steel
AB-A - A indenter; B specimen; flat punch; anncaled steel

ABS - A indenter; B specimen; hemispherical punch; as-received
ABS-A - A indenter; B specimen; hemispherical punch; annealed

Symbols for the indenter and specimen are shown in Table 1,

3. RESULTS AN DISCUSSION

The results are presented first in detail with regard to the
load-displacement relationships, the geometrical changes of the work-

piece, and the strain distributious for a workpiece material of steel
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under the as-received condition. Then the effect of the materials'
properties on deformation characteristics is shown, by comparing
as-recelived and annealed steels., Results of the studies of flow
lines and crack formation are also given,

a, Load (Pressure)-Displacement Relationships: Typical load-

displacement curves for the punches having flat and hemispherical ends
are shown in Fig, 4., When an elastic-plastic material is continuously
loaded from a stress~free state, the plastic and elastic compuuents of

distorticn are at first comparable, As the loads are increas«d, the

plastic zone expands to u size where large strains become possible,

eyl

and the overall distortion incresases at a rate controlled by the

I
A P

changing shape of the workpiece. The load-distortion curve changes its
slope at the load under wnich large distortion begins. This point is
described as the yield-point of the body. The bend of the turve is
much more gradual for a punch with a hemispherical end than for a2 flat
punch because of the continually increasing contact surface present in
a hemispherical punch.

The relsticnships between the indentation pressure and punch dis-
placement with a flat punch are shown in Fig. 5 for varicus workpiece

thicknesses, The effect of the punch diameter on the pressure-

s

displacement curve is given in Fig. 6., The punch pressures given in

Figs. & ard 6 were computed from the recorded loads based on the cross-

L T T I

sectional areas of the punch. As seen in Fig. 5, during the initial

I

vy

increase of punch pressure the curves for different workpiece thick-~
nesses have more or less thce same slope, For thinner specimens

(Ho/do = 0,487 and 1,00) the deformation extends throughout the direc-

tion of thickness at smuil punch displacvements; this results in edge-
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1ifting aud the pressure-displacement curves begin to deviate from
each nther. For thicker specimens (Ho/do = 2,00 and 4.00), however,
the deformation does not extend to the bottom surfaces of the work-
piece, and the pressure-dlsplacement curves are identical. The same
nbservations were made for punches with diametess other than 0,440

in. With respect to the effect of the punch diameter on the pressure-
displacement reiationships shown for two workpiece thicknesses, it is
cbserved that, regardless of the mode of deformation, the pressure is
hicher for punches having smaller diameters, Even the initial rate

of pressure increase becomes dependent on the size of the punch when a
workpiecy is short and edge-lifting occurs {Fig. 6a). Within the
range of investigation, no limiting value of the workpiece diameter-
punch diameter ratio was found beyond which the effect of the punch
diameter diminishes.

Lthough it is difficult to detecimine the yield-point load
accurately for the scale of punch displacement used in the present
study, the punch pressure at the yield point appears to be unchanged
when the workpiece thickness is greater than twice the punch diameter
and the ratio of the workpiece diameter and the punch diameter exceeds
a value of 4, The yicld-point pressure and the initial yield stress
for as-received steei are approximately 2.0,000 psi and 68,000 psi,
respectively, giving P/Y equal to 3,1. These results are in general,
in agreement with Male's findings [19] for the plastic indentation of
aluminum,

The pressure displacement relationships for punches with a hemi-

spherinal enu are shown in Figs, 7 and 8. The exact contact area and
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its variation during the peretration of the punch are not known,

Therefore, the nominal punch pressure given in Figs., 7 and 8 was

N b

calculated Dased on the projected contact area, assuming that the

i

depth of the contact surface is equal to the punch displacement. It

kb

is again seen in Fig, 7 that the effect of the worgpiece thickness

on the nominal punch pressure vanishes for thicknesses greater than
twice the punch diameter. The effect of the punch diameter on the
pressure~-displacement curves is given in Fig. 8. A comparison of Fig.
8 with Fig., 6b shows that conclusions drawn for the flat punches are
also applicable to punches with hemisphericzl ends. Also, the yield-
point pressures for both types cof punches are arproximately of the
same magnitude,

b, Change of Surface Geometry: The behavior of thc load

(pressure)-displacement curves for various werkpiece dimensious and
punch shapes is determined by the mode of deformation. Changes in the
deformation mode after the yield point has been reacheu. can L re-
vealed to some extent by measuring the surface gccmetry of the work-
piece at various stages of indentation. Figure 9 gives the results

for workpieces of various thicknesses with a flat punch of Do/d0 = 4,00,
The corresponding lead-displacement curves are shown in Fig, 4. 1In
shorter specimens {Fig. 9a, b), the plastic zone spreads throughout

the direccion of thickness first, and the workpiece edges are raised
(edge-lifting) at an early stage of punch penetration, With increasing
thickness of the wvorkyiece, the degree of edge~iifting decreases

(Fig. 9bj. Relatively smooth top-free surfaces indicate that local
large strains do not occur and the volume change due to panch penetra-

tion is accommodated by the bulk deformation of ccge-lifting, When
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the thickness of the workplece further increases (Fig. 9¢, d), large
strains become possible locally, and a pile-up of the edge forms a
so-called "coronet.” As the punch penetrates, the distortiocn extends
to the radial direction as well as to the direction of thickness,

The changes 1n workpiece geometry correspanding to the pressure-
displacement relationships given in Figs. 6a, b are shown in Figs., 10
and 11, respectively. Figure 10 shows that edge-1iftiiz occurs in a
workpiece €.440 in., thick, and the initial vile-up of the edge tends
to take place as the value of Ho/do increases (Fig. 10b). In a work-
piece 0,875 in. thick, no coronet is formed when a punch of laige-
diameter is used (Fig. 1lla), but a pile~up of the material is observed
with a punch of small diameter. A pile-up of the material near the
punch edge was observed for conditions of HO/dO 2 4,00, It may be of
interest to note that the range of the ratios for coronet formation
coincides with the range where the yield-point pressure remains con-
stant, In order for the .n:tial mode of bulk deformation to take the
form of edge-1ift.ng, the workpiece thickness-workpiece diameter ratio
(HO/DO) must be less than 0.5. For a workpiece of Hgfno that is equal
to or larger than 0.5, a differen! initial mode of bulk deformation
occurs, When tha punch penetration becomes sufficiently large, how~
ever, edge-lifting will eventually result, Figure 12 shows the changes
in the surface geometry of the workpicce for punches having hemispheri-
cal ends. It is observed that a pile-up of the material due to a
local iarge distortion occurred for all the conditions, The condi-
tion required for edge-~lifting to appear as the initial mode of bulk
deformaztion. however, was the same as that for flat punches, namely,

HO/Do < 0.5. A comparison of Fig, 12 with Fig. 9 shows the differcnces
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in surface geometry for the flat punch and the hemispherical punch.

c. Strain Distributions: The strains (circumferertial) were

measured along the surface of the workpiece at varicus steps of punch
penetration, and the strain distributions were obtained in relation
tc changes in the surface geometry of the workplece., Figure 13 shows
the efiect of workplece dimensions on the strain distributions
corresponding to the surface geometry given in Fig. 9. For short
specimens in which edge-lifting occurred, free surfacs strains are
compressive and tend to increase toward the puncia, AaAs the penetration
is increased, the strains along the free surface decreage I .rther, and
the strains along the punch-workpiece interface increase (Fig. 13a).
When the thickness of the workpiece is increased, the streins along
the free surface increase and then negin to become tensile, as seen
in Fig. 13b. These variations of strain distribution reflect the
bulk deformation of edge-lifting which occurred for thece gpecimeas.,
On the o*hner hand, the trend is reversed for thicker specimens (Fig.
13¢c. d). Strains along the free surface are tensile, but they become
compressive under the punch. Large strains near the edge of the
putich are, of course, due to a local large deformation of the coronet
type. The compressive strains under the punch, though small in magni-
tude, result from the flow pattern that causcs the coronet formation.
¥hile the material adjacent to the punch-workpiece interface
undergoes a slight deformation, a severe deformation occurs at some
distance beneath the contact surface. This mode of deformation con-
tinues as the punch penetrates, producing decreased strains at the
interface, while strains along the free surface continue to increase.

The strains along the Lifted bottom surfaces are tensile, as expected,
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and the distribution decreases toward the outer edge of the workpiece,
The effect of the punch diameter on the strain distributions is given
in Figs. 14 and 15 for two workpiece thicknesses, Figures 14 and 13b
give the results fer three punch diameters with workpicce thicknesses

of HO/D0 = 0,250, The discussions regarding the mode of deformation

gt g Y

given for Fig. 13 are also applicable to these results, In genersl,
% the strains are tensile, increase toward the punch, and become com-

N pressive along the punch-workpiece interface. The strains decrease

e B i S e
e+ e AR

e

with increased penetration of the punch. For a workplece of Ho/Do =
0.500, however, Figs. 15 and 13c reveal that the strains increase
with larger punch penetrations.

Examples of strain distributions for punches with hemispherical
ends are shown in Fig, 16. The distributions shown in Flg. 16 can he
compared with those for the flat punch in Fig. 13. The general shape
of the distr .bution curve along the free surface is the same for both
punches, but along the contact surface no compressive strains were
found for spherical indenters, As the punch penetrates, the coniinued
edge~lifting can be realized by the decrease in strain along the free
surface, and the increased piling-up results in increased struin noay
the contact surface, as seen in Fig. 16a. W%here na cdge-lifting wcas
observed, Fig. 16b, the strains increasc over the entire sarface, and
no cowpressive strains were rocordec again along the interfa-e.

d, Effect of the Materials' Properties: With the use of iden-

tical punches and workplece geometries, the load-displacement curves,

surfare geometries, and strain distributions were measured for inuen-

tations of annealed stesl. The behavior of the annwvaled and as~

received naterials are compaved, Figure 17 zhows the effect of workpiece
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dimensions on the load-displacement curve for annealed steel and
compares the load-displacement relationship for the two states of
the steel. For annealed materials, the indentation pressure is
higher when the workpiece is thicker, but it becomzs identical for
specimens of Ho/do 2 4,00, Th.s is true also for as-received steels,
The load-displacement curves for the two states cf material are aiso
compared for Ho/do = 6,00 in the figure. It may be of interest to
nhserve that the load~displacement curves reflect exactly the charac-
teristics of the stress-strain curves shown in Fig. 1l: the variation
of the indentation pressure for the annealed material is more rounded
than that for as-received material, and the slopc of initial pressure
increase depends on the stress—-strain preperty of the material.
Conclusions reached for the flat purch (Fig. 17) are also truc
for hemisphGricrl punches regarding the load-displacement relation-
ships, ass ahown ir Fig, 18, It can also be scen in Fig. 18 that the
load-displacement curves for the two states of materials converge
when the deformaiion involved becomes large, Not only are the load-
digplacement relptionships for the two materials different, but the
filov behuviovs differ also. Examples of the surface geometries for
annealed steel are shown in Figs. 19 and 20 for flat and hemisphericzl
punches, respectively. The test conditions for Fig., 19a, b, and ¢ for
annealed steel are the same as those for Fig. 9b, c, and d for a.
receivad specimens. When sdge~1ifting occurs (Fig, 19a), the surface
cenfiguratians do not differ qualitatively for the two states of
matarials. However, a difference in the deformation mode is rvident
when Fig, 19% and Fig. 9¢c are compared. For as-received naterial, it

is clear that a pillng-up cccurs near the edge of the punch, but tuis
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dees not happen for anaealed material., Furthermorz, at the same

degree of punch penetration, larger strains prevail throughout the

annealed specimen, and the bulk deformation is such that edge-iifting

occurs, Similar differences between annrealed and as-received steels

: can be seen by comparing Fig. 19c and Fig. ¢d,

In Fig., 20 it is interesting to observe the coronet formation at

% relatively large punch penetrations, It has not been determined con-

clusiv2ly wnether the coronet is formed at the yield point of the bedy,

However, from the observatiocns reported in the literature, it appears

Y R

that a "sinking-in" mode of deformation occurs at the yield point, and

[r———

Wi

niling-up takes place after the yield point has been reached, when

penetration of the punch continues. Nevertheless, a comparison of Fig.

[TATE T

20 with Fig, 12 shows that the piling-up is less pronounced and more

YT

rounded for anneaied material than it is for as~received material,

s

e, Flow Lines and Fracturing: The 0,449 in., oand 1.75 in. thick
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sorkpieces which were indented witn punches having flat and hemispheri-

[T

2

cal ends wers sectioned along a meridian plane and then polished and

=tched to reveal the flow lines. Flow lines resulting from a flat

punch indentation are shown in ¥Fig, 21, Wher the flow lines for the

o we

wo strtes of materia! are compared, it becomes ¢ lear that (1) severc
distortions sre present benezath the fiat punch surface, (2) the dis-
tortion i# more pronounced for a larger penetration of the punch, and
(37 the degree of distortion is less for annealed muterial than for
as-received material for the sunme punch displacement. Alse evident

are the "piling~up” and "sinking~in” charascteristics of the deformation

GRS P B VD R PN o g et 1 MRS

for the two materials,
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g : This different behavior of cold-worked and annealed metals has

been well explaired by Hill [2]. He states that when the work-

hardening is slight (cold-worked metals), a flow ocut to the surface
with severe and localized distortion takes place before the elastic
resistance of the bulk can be overcome: when the work-hardening is

heavy the load which would be needed to effect a flow out to the sur-

face is so great that an inward displacement accommodated by the resi-

LAy s AT Sty

lience of the whole specimen occurs first.
A close examination of PFig, 21 reveals further that for as-

recaived material a conical zone under the punch where the deforma-

sy

ticn is small remains approximately the sume size, while for annealed

material this zone becomes definitive only for a short specimen,

A NI A
SRSy

Figure 22 shows the flow lines resulting from the use of a hemi-

S

=
=

spherical punch., Under the punch surface, more distortion can be ob-

e
{

served for as-recelved steel than for annealed material, and the

ar b
T

il

"piling-up” and "sinking-in" deformations for the two materials are

=8
5

again clearly shown. With the hemispherical punch, hovever, the

formation of severe distortion is quite different from thai for flat

-

G

Ri e

53‘ punch indentation, and there is a lesser degree of distorticn for the
él hemisphericcl punch indentation., Details of the localized distortions
"?; alobg the flat punch and the hemispherical punch are given in Fig. 23.

Fracturing occarred bath in the zs-received material and the
annealed material. No analytical study was possible regarding the
effect of process variables on fracturing. The location of the criti-
23l state for fracturing, however, was found to he in the material

avound the edge of the punch where the distortions are expected to be

largest. The types of cracks that occurred are shown jn Fig, 24, As
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far as the surface strains are cocncerned, they are smaller for
annealed materials because of the mode of deformation, and their

workability may well be influenced by the deformation characteristic

in the process involved,

4, YIELD-POINT LOAD AND LIMITING WORKPIECE DIMENSIONS

In many problems the yield-point load is the gquantity of greatest
interest, aml the main object of theoretical and experimental analyses
has been to obtain this quantity. In the problem of indentation the
yield-point lcad varies with the workpiece dimensions and becomes con-
stant when the workpiece dimensions are large enough in comparison
with the punch dimension. Another important problem is that of deter-
mining the limiting worxrkpliece dimensions beyond which the yield-point
luvad is constant and the workpiece can be considered as a semi-infinite
body. Because of the general interest in these two problems, additicnal
discussion concerning them is given here.

For the flat punch indentation c¢f as-received SAE 1215 steel, it
was found that the yield-point pressure remained unchanged for
Ho/d0 2 2,00 and Do/do 2 4,00, and the yvield-point value was given by
P/Y = 3.1, where Y is the yield stress, For a punch having a hemi~
spherical end, the same conclusion was found w.th regard to the values
«f the yleld-point punch pressure and the iimiting workpiece
dimensions,

Shield [5] obtained an exact soluticn for axisymmetric indentation
by a flat circular punch., Using the slip-line method based on the
Tresca yield and potential functions, ke found the value of the average

pressure over the smooth punch to be 5.68k (2.84Y). Shield further
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showed that the complzte stress field can be obtained by extending
the slip-line field into the rigid region within the specimen dimen-
sions given by Ho/do = 1.68 and D /d = 3.20,

Levin [20] applied the upper-bound methed to the Lndeatation of a
smooth, flat, rigid punch into a perfectly plastic material which
obeys Tresca’s yield criterion, He found that 5.84k (2,92Y) is an
upper dbound on the indentation pressure.

Chen {21] recently applied thz bounding method to the problem of
indentation on a biock of finite dimensions. He oubtained upper and
iower bounds of the limiting punch pressure during indentation of a
square punch on a square block and a circular punch on a circular
cylinder for a rigid-plastic material which obeys the Tresca yield
condition and the associated flow rule. Chen found tkat for a circu-
lar cylinder for which Do/d0 is larger thsn 3.59 {rough punch) or
.26 (smooth punch), the average indentation pressure becomes cgual
to that of a circular punch on the surface of a semi-infinite solid.
The indentation pressure snd the iLimiting workpiece dimensions found

in the present experiment are in surprisingly good agreement with

those obtained theoretically.

as determined analyti-

s

For a sphericai indenter, T=hliasky [22]
cally the pressure between the indenter ami the indentation at the
yieid point. Using the slip-line method bhased on the Harr-Karman
hypothesis, he found the value of the pressure (load divided by the
projectest area of the indeuntation} to be 2_686Y,

The specimens in the Brinell hardness test should be Isrge enough

to ensure that all the plastic {low ocgurs within a region considerably

smaller than the specimen itsclf, Tabor [6] suggested as n working
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standard the use of a specimen with a thickness at least 10 times the

depth of the indentation for hard metals and at least 15 times the
depth for softer metals, He also recommended that the specimen be
about 4 times wider than the diameter of the impression, For a usual
impression whose diameter is approximately half that of the indenter,
the limiting workpiece dimensions become Hofdo = 1 and Do/do = &,

The limiting workplece dimensions in the hardness test depend§
on the degree of the defcrmation involved 'n the test, However, 1;
the impression is made near the yield point, more conservative values
for the limiting workpiece dimensions seem to be appropriate.

With further penetration of the punch beyond the vield point, the
mode of bulk deformation becomes significant. 1In spite of the imper-
tance of the deformation in this range, no theoretical analysis has
been attempted for deep indentation except the work of Joknson

and Kudo [23] who used an upper-bound approach for plane-strain Zcep

indentation,

5, CCNCLYUSIONS

{1) For the flat punch indentation of SAE 1215 steel, zs-received,
the yleld point pressure remained unchanged for the range of
specimen dimensions of Ho/do z 2.00 and Do/du 2 4.0, and the
yvield point value was p = 3.1Y.

(2) In the range of puach displacement investigated, the pressure- -
displacement curves become identical for Ho/de 2 2,00 for the
same punch diameter, but no limiting value was found for

D/d = 6.00,
o o
(3) The same conclusions are reached as in (1)} and (2} above for the

indentation of SAE 1215 steel as-received, with tie punch
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having a hemispherical end.

The deformation behavior of the two states of SAE 1215 steel

near the yield point is characterized by "piling-up” and
“sinking-in" for as-received and annealed materials, respectively.
Edge-l1ifting, as an initial mode of bulk deformation, cccurred for
the workpiece dimensions of HO/D°'< 0.5 with both types of punches.
Flow lines revealed the differences in the deformation behavior,
depending on the punch shape, workpilece dimensions, and the
material 3' properties; the location of the critical state for
fractiring was found to be in the materiai around the edge of the

punch,
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Fig. 1 Stress-strain curves for SAE 1215 steels:
as-received and anneuied conditicas,
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Experimental setup.
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SECTION 12, DEVELOPMENT OF THE MECHANICS OF PLANE STRAIN
SIDE-PRESSING OF CIRCULAR CYLINDERS

oyt o bt 2w s Mg e B

by

[

8. Sohrabpour® and Shiro Kobayashi

1. INTRODUCTXICN

In advsnced forging tecrniques, such as incremental forgings, the

oy ied et R e Y b 4 o g xby

problems of compression or indentation of workpieces of complex shapes

by dies of various geometries are involved. For a successful forging

sk A AL Bl

oneration, it is necessary to predict and control the defextsa accur~

A d et

rences and product qualities., To achleve these ultimate cbjectives,

bl

it is essential tc have information on, among other things, the deforma-

tion charsacteristics that occur during the operation. The bpresent

Bt W S

investigation deals with the detailed mechanics finvelved in the side~

St Ll

pressing of cylindrical rods under plane-strain conditiona.

m

The side-pressing of cylindrical rcds is one of the important

i
st Y50

primary metal-working processes, and it has been used in determining

bl

the forgeability of materials [1, 2]** A number of investigations on

the mechanlics of side-pressing of cylindrical rods can be found in the

>

literature [3, 4, 5].
Using the slin-line field technique, Kudo and Nagzhama [4] ana-
lyzed the upsetting of circular rods under plane~strain conditions,

Jain and Kobayashi 5] investigated the defoimarion and fracture

Chahskasd Bors 3 W ALES Bdatite ot adond S SRS

characteristics that occurred during the pressing o’ cylindrical rods

A AL

S,

* Graduate student, Mechanicai Design,

A b by

TR,

*¥uusbhers ir brackets refur to the references at end of Part II,
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with machined flats of various widths, Despite the fact that the
slip-line theory they used in the analysis was based on the assumption
of rigid, perfectly plastic materials, it agreed very well with ob-
servations of the mean die pressure at the yield point, the load-
displacement relationships, the effact of friction at the interface,
and the effect of specimen geometry on the deformation characteristics,
Jain and Kobayashi pointed out, however, that the criticul conditions
for defects occurrence can be determined only if accurate information
on the local stress and strain distributions are available, taking
into accaunt the work-hardening property of the matcrial,

Oxley [6] has shown how the basic equations for the stress varia-
tion along the siip lines are modified if the yield stress of the
material varles throughout the field., It can be shown in this case,
tco, that the slip-line field consists of two families of orthogonal
curves and they are the characteristics of the governing equations
when the distribution .. the yield stress is known, Therefore, it is
not impossible to construct z slip-line fiel« €or work-hardening
materials aumerically in certain boundary-value problems if tne yield
stress distribution thraughout the fieid is given, However, simple
geometric rules concerning the slip-line field, such as Hencky~Prandtl
theorems, are no longer applizable, Furthermore, in most plastic
deformation problems, the distribution of yield stress due to work-
hardening can be obtained only experimentaliy by observing the metal
flow. Oxley constructed a siip-line field in the machining process
from the observed boundary of the plastic zone, The hodograph for
this slip-line field was then constructed and compared with the ob-

servet velocity distributioen. The initial shupe of the plastic zone

! "
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wuas adjusted until a rore acceptable hodograph was odtailned,

Inasmuch as experimental observations of velocities muz¢ be made

LI Wb w1

for constructing a stip-line field, these velocities may then be used

T

bttt

E directly to complete the corresponding siin-line field, thus obtaising
a complete solution to the sroblem. This is the procedure exactly
foilowed in the visioplasticity method |[7-11], which has been used
extensively te solve extrusion problems {12, 13, 147, Usul [1’, 16]
applied the visioplasticity technique to the analysis of discontinuous
chip formation, ie used the equilibrium equationy referring to the

slip-linc directions for deriving the stresses. Using a2 new technique

for observiag 3he flow pattern in chip formucion, Childs {17] made a

stress analvsis based botih on the slip-line and principal-stress fields.
In this investigation the detalled mechanics of the side-pressing

of circular cylinders under plane-strain conditions were obtained,

based on the pbserved flow patterns of commercially pure aluminum and
%2 copper specimens. Slip-line flelds and corresponding hodographs were
constructed, and a stress calculation was made with the aid of the
equillbriuw equations refarring to the slip-tine directions. The

2ffects on the deformation characteristics of friction at the interface,

maverial properties, sud iniftial geometry of the specimens were

B

7
4]

E
-1
3
S

5 c¢xamined in Sersis of flox lines and strain avd strain~rate distribu-
tioas, f

e
ES
i
a3

£
=
3

2. METHOD OF ANALYSIS

Ay

The process of side-preszing is a nonstesdy-state problem, The

. o

plastic zone gize and the specimen geometry vary fram moment to moment.

s Bt X ahind Sl L3050

For rigid, plastic mnterials with work-hardening the flow stross © is
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=~

expressed as a function of the effective strain €, wherc € and O are

defined by

s ol az o 271 e —qe o2 —de )2 —de )2

€ = . de = =1 (d~.1 d-,z) + (d€2 d€3) + (dea d&l)
and

- A 2 2 2,

C = .,_.5_(01-02) + (02 03) + (03 51) ]

o4 and the principal incremental

with the principal stresses cl‘ 02, 3

strains del' dez. d€3. The effective strain distribution and thus the
vield stress distribution also can be obtained at any instant by in-
tegrating the incremental effective strain for each element from the
beginning of deformation to that instant. This necessitates a con-
tinucus observation of flow patterns during the process, At any stage
of deformatien, the incremental displacement or velocity* distribution
can be obtained by the superposition of two consecutive flow patterns
having a short time inte:rval, The incrementai strain ccmponents or
strain-rate components are then calculated {rom the observed dis-~
placement field, The known sirain-rate components can be used not
only for finuing the yield stress distribution due to werk-hardening,
but alsoc for calculating the stresses. This is a principle of the
visioplasticity methed, Since the work-hardening characteristics of
the material are expressed hy ¢ = A(E), we assume the materiale are
incowmpressihie, obeying the von Mises yield criterion and its asso-
ciated flow rule,

With reference to the Cartesian coordinate system x, ¥, =, the

governing equations under plane-strain conditions (kz = 0) are

*Incremental displacement of a point divided by the movement of the
die gives a velocity at that point for unit die velocity.
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(89

(2)

vhere ¢ , ¢ , O are stress components and & . € 5 Y are strain-~

X' Yy xy x' Yy xy
rate casponerts., Equations (1) and (2) can be solved for three stress
coupon=nts by the method of characteristics, namely, the slip-line
method. Since the construction of a slip-line field is extremely
difficult, partlcularly when the yield stress varies throughout a

deforming body, the known strain-rate cowmponents are used in various

ways for the streas analysis., In one method [11], combining Eqs, (2)

znd {37,
€ =-¢ =:‘G’ -
€, . l(x c)
.. fli (4)
ny-u\T
where
2.6.,6:! oz z(cxa»a)

Equation {4) prevides two relationships for three stress componrents
and the third will be one of the twu equiliibrium cguaticns given in
{1}, The remuining equilibrium eguztion can be used parcially for
subdtantizting iusufficien® boundary conditian: and aloo for examining
the accuracy 2f the computed solution.

Ip the second method {171, ¢he principsal stress field is con-

structed frow the strain-rate components according tu
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tan 20 = 2—:’- (5)
x

where © is the angle measured anticlockwise from the x-axis to the

oi - axis (al > 02). Tnen the principal stresses are calculated from

the equilibrium equations expressed along the principal stress direc-

tions as

ec

1 o8
le 1 2 352

(6)

bled

2 a8
..___+(° "0')"‘""":0
332 1 2 le

The overall accuracy of the field construction and stress computation
is examined with the aid of the yield condition.

The third method consists in performing the stress calculation, based
on the equilibrium equation along the slip-lines, the fields of which can
be constructed from the known strain-rate distribution [6, 15]. The

equilibrium equations along the slip-lines become

LR . SN

o _ -
Bsa Bsa asa = along @-line
<D
2
%g_ + 2k ég- + %%— =0 along B-line
B B o

where ¢ and k are the normal and shear stresses along the slip-line
respectively, arnd sa and sB are the distances along the slip lines of each
family. The two families of slip-lines o and B are distinguisked in such

a way that if they are ragarded as a palr of right-handed curvilinear
axes, the line of action of the ulgebraically greatest principal stress

falis in the first and third quadrant [187]. The angle % is the

anticlockwise angular rotation of the o-line from the x-axis. 1In

aT
Y

Bk T A TR N LR O LI T

| b gt

Wi

iy !

i g

A

byl R

Wiur e

8

i

il

b A

il i

=
El
2
=
=3
=
3
=
=
=
E
B
=
2
=
=
=
=
=
E
=
=
=
<
=
|
A




=3

Eq. (7), the shear stress k is given by k = o//3 acconrding to the
yield condition, and its distribution is knowu throughout a deforming
boedy. The accuracy of the computation as well as the construction
of the slip-line field can be checked by the fact that the stress
value at a point is indeépendent of the integraticn paths, or by an
examination of the orthogonality relc.tion.hetween the slip-line field
and the hodograph. This orthogonality condition should hold for work-
hardening materials also, so long as the materials are assumed to be
incompressible

In the precsent investigation the slip-line method was used for

the stress analysis. Integrating Eq. (7), we obtain

-
o/
=

ds_ = -onst,
o

[
)
U

R
R
[
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o

along o-lines
{8)

const.
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oy
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=
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2
o
ot

C + 2 r k =—=— ds, +
J g

ng B-lines

Equation (8) is the basis for determining the stress field from the

slip-line field, Once the value of € is known, the stress components

cain be deduced from the relationships given by

€ =0~k sin 29 , 7 = k cos 29
X Xy

= (@)
G& =% + k sin 29

3. EXPERIMENTS AND CALCULATION PROCFLURES

The experiments consisted of side~pressing at room temperature,
cylindrical rods of commercially pure aluminum and copper, having
machined flats of various w:dths, Observations of grid distor-

tions were made and the load-displacement curves were recorded for
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various specimen geometries with smooth and rough dies.
Circular cylinders 1 in. in diameter (2Ro) and 1 ir, long were
prepared from aluminum 1100-F and commercially pure hard copper, and

parallel flats of various widths were machined to give the following
initial geometry:

Width of Flat ZWO in, 0.125 0.452 0,606 0.722

Height 2H0 in. 0.992 0.892 0.792 0.692

The stress-stvrain curves of the twe materials are given in Fig, 1.

Two interface friction conditions were used in the tests. Low
friction was achieved by using smooth dies lapped to an 8 pin. surface
finish and by applying Fluorocarbon spray lubricant., For high fric-
tion, rough dies having machined serrations 900 pin. deep were used,
and the specimeits and die surfaces were cleaned with ethylene
dichloride and dried before each test.

The experimental setup is shown in Fig, 2, The experiments were
performed with an apparatus for plane-strain side-pressing placed on a
160,000~1b, Tinius Olson testing machire with a speed of 0.05 in/min.
This apparatus was also used for a previous study on the fracturing of
a high strength aluminum alloy during side-pressing [12]. The dis-
placement of the die was measured with a deflectometer, and the load-
displacement curves were obtained on a recorder attached to the test-

ing machine. A Nikon camera was mounted in front of the side-pressing
apparatus for pnotographing the grid patterns behind a glass plate.

Grid-lines with 0,050 in. spacing were printed on one end surface
of the specimen, using the Kodak Phovo-Resist method. The copper

specimens were coated with tin before grid-printing to give a better
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contrast in the photographs., A series of photographs of the grid

patterns was taken at an interval of 0.020 in. of die displacement,
The grid distortions were traced by a scanning machine at the Lawrence
Radiation Laboratory, and the current cocrdinates of each grid point
in these patterns were punched on IBM cards., These coordinates con-
stitute the input data for the analysis,

The analysis begins with a calculation of the strain-rate field
from the cocrdinates of the grid points [20]. With reference to Fig.
3, the grid pattern shown by solid lines distorts to that given by
dashed lines after a time increment At. The deformed grid pattern is
translated so that the points (0, 0) and (0, 0}’ coincide. The struin-
rate components can then be calculated by

4

s
¢y oL ("10 10, *1e ~ Ffon
“3 T o2A (o /
x" 00 25t X0 XTo
4
Gy e Yor ~ Yoo Yor ~ Yor
"y 00 2At /

Yor Yor
2

I 4
?("m *or Y10” N0 _(X T~ %1 Yio " Ytot”
Yo1 *10 ¥o1 *To /-

where (xle. ylo),... are the x- and y-coordinates of the points
(1, 0),..., and the prime indicates the coordinates after the incre-
mental deformation. Calculated values of éx and %_ generally satis-

fied the incompressibility, namely, é‘ = - & _, vith negligible error,

The effective strain rate is cobtainea from the strain-rate components,

Sy (L2 L2
based on the relationship given by € = — ldex + va for plane-strain,

= 7E
In order to construct the slip-line field, the maximum shear

elrain-rate directions were determined within the deforming region

according to
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The foregoing calculations were made by a computer, The slip-
lines were found graphically after the maximum shear strain-rate
directions were obtained, The hodograph was derived from the measured
incremental displacement field and compared with the slip-line field to
examine the orthogonaiity between them., The slip-line field was then
adjusted until the orthogonality relationship was satisfied. After the
slip-line field was constructed, the distribution of the yield stress
was obtained along the slip-lines by a llnear interpolation., The cal-
culation of stresses along the slip-lines is possible using Eq. (8).
Integration strrts from # point un the free surface that is definitely
in a plastic state. Calcvlation of the yield stress distribution and
subsequent stress calculations were again made with a compater,

Observations of the flow patterns and calculations of the strain
and strain-rate were made for all the tests, The construction of the
slip~line field and the stress analvsis, however, were performec only
for the side-pressing of circular cylinders of copper specimens with
smooth dies, Although the load-displacement curves were recorvded, the
results are not shown here because tae general behavior of load-
displacement characteristies involved in side-pressing has been dis-

cussed elsewhere {131,

4. DETAILED MECHANICS OF SIDE-PRESSING
CIRCULAR CYLINDERS OF COPPER

Examples of grid patterns at various reductions in height for
smooth and rough dies are shown in Fig. 4. The darker area of the

specimen seen in the figure is the zone where deformation occurred
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against the glass plate in the direction of plane-strain constraint.
The width-height ratio (W/H) is a decisive factor in side-prissing
deformation, and this ralio varies during compression, The W/H ratio

values obtained from Fig. 4 are as follows:

Reduction l
: 3 0
in Height (%) 10 20 0 4
Smooth Die 0.41o 0,769 1.210 1.770
Rough Die 0.419 0.750 1.198 1.756

It is observed in Fig. 4 that the plastic deformation zoune spreads
through the workpiece material between the dies, leaving a part of

the werkpiece at both sides undeformed. The boundary between these
two regions can be visualized by superposing the distorted grid

pattern over the original grid lines. Figure 5 shows an example of
these boundaries. The defcermation zone has, in general, a shape similar
to the one assumed in the slip-line field for perfectly plastic
material, but is is larger in size, because in work-hardening materials
the localized deformation zone diffuses to a finite zone. Flow lines
shown in Fig. 6 were obtained by following the displacement path of
each grid point. Flow lines for rough and smooth dies are compared
during deformations up to a 40 percent reduction in height. A close
examination of Fig. 6 reveals that a minor difference exists in the
flow line directions for rough and smooth dies at the beginning of
deformation, but the difference in the flow# direction as well as in

the total distance of point movement becomes more pronounced as the

deformation continues. It can be recalled that for the indentation
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problem, the slip-line theory for rigid, perfectly plastic =materials
predicts the presence of a rigid zone heneath the die and thus the
occurrence of identical deformation for all friction conditions at the
interface when the width-height ratio is equal to or less than unity.
Experiments [5] indicated that the actual material’s behavior was in
agreemeat with the predictions in terms of load-displacement curves,
Therefore, the flow lines for rough and smooth dies would be expected
to be the same for 10 and 20 percent reductions in height where the
width-height ratio is smaller than 1, but they would be expected to
deviate from each other for iarger deformations since the width-height
ratio increases znd exceeds unity with increasing deformation,

Figure 7 gives the measurements of the relative sliding displace-
ment (Au) of the deforming material during a small die displacement
(AU), and these measurements suggest the presence of a rigid body near
the die-workpiece interface at the beginning of deformation. For real
situations, however, the rigid body assumption is only approximate.
The effect on the overiall deformation of f{riction conditions at the
interface is also shown by calculating the strain distributions within
the deforming body. Figure 8 shows the strain distributions aleng the
horizontal axis of symmetry (x-axis) at various stages of cgeformation
for the two friction conditions. The strain sx is large and tensile
at the center of the specimen but decreases toward the free surface,
It is of interest to note that the strain distributions for rough and
smooth dies are almost the same for 10 and 20 percent reductions in
height, but they differ consideranly for larger deformations. The

strain levels correspondong (o homogencous deformation are given for

reference.
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The strain distributions along the vertical axis of symmetry
(y-axis) are shown tn Fig. 9. Again, a large, tensile strain was
found at the center »>f the specimen, decreasing toward the die, It
is evident that a region of small deformation exists beneath the die,
except when a reduction is 40 percent with a smooth die, and that the
deviation of the strain distributions for the two friction conditions
is confirmed for width-height ratios larger than unity. The detailed
deformation characteristics can be represented by the distribution of
the effective strain., This is shown in Fig. 10 for various stagzes of
deformation. A comparison of effective strain distributions for smooth
and rough dies is aiso shown. At a 10 percent reduction in height
{Fig. 10a), the largest strain was found along the vertical axis of
symmmetry at some distance from " he die-workpiece interface. The loca-
tion of the largest effective st.-ain moves to the center of the speci-
men when the reduction in height is 20 percent (Fig. 10b). Also at
this reduction, the region of large strain appears near the edge of
the contact surface. It is observed, too, that the difference in thz
degree of deformation for the two friction conditions at these reduc-
tions is minor, At a larger deformation (Fig. 10c) the trend of the
uistributions is similar for rough and smooth dies, but there is some
difference in the magnitudes, Finally. at a reduction of 40 percent
{Fig, 10d), an appreciable difference is apparent not only in the magni-
tude of the effective strain, but also in the form of the distribution,
The largest strain remains at the center of the specimen, suggesting

that this area may be 2 critical location for defects occurrence in

this process.
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Since the stress system also is a critical factor for fracturing,
we now examine the stress distributions, For stress analysis, the
slip-line fields were determined from the maxiwum shear 3train-rate
directions at each grid point, and then modified. using a hodograph
constructed from the incremental displacement digstributions obtained
experimentally, The slip-line fields and corresponding hodograpphs are
shown in Fig. 11 for smooth dies at various reductions. The letters
and numbers indicate the corresponding points in the slip-iine fi:ld
and the hodograph. The slip-line fields obtained from the experimen-
tal velocity fields are seen to differ appreciably from those found for
perfectly plastic materials in the transition region from the deforming
zone to the rigid zone, Shabaik [21 examined the flow field in the
plane-strain compression of a slab and reached a similar conclusion,
which led him to propose a new slip-line solution to the problem.

Using Eq. (8), the stresses ware calculated from the slip-line
fields shown in Fig. 11. Figu-es 12 and 13 shew the Ox and Gy dis-~
tributions along the x-axis, The stresses are normalized by dividing

by Y; <2 Yo' where Yo is the initial yield stress of the material.

T /3
In Fig. 12, the stress c% is tensile, then decreases as the deformation
continues, and becomes compressive near the center. This change of
the stress distribution is caused by a spread of the plastic deforma-
tiorn zone sideways with the increasing width-height ratio., The stress
is always compressive with the largest magnitude at the center, and its
magaitude increases with the increased deformation, The 3tress dis-
tributions along the y-axis are glven in Figs. 14 and 15. The distribu-

tions calculated from slip-line fie2lds for rigid, perfectly plastic

materials are also shown at 10 and 20 percent reductinns for comparison.
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The stress G* shown in Fig, 14 is compressive aear the die surface and

becomes tensile toward the center of the specimen at a 1C percent re-
duction, but the distributions at larger reductions indicate an opposite
trend. Also, thz stress distribution at a 10 perceént reduction agrees

well in magnitude and trend with that obtained for perfectly plastic

materials, but no correlation exists betwze¢n.them at a 20 percent re-~

duction, JSimilar results are obtained for the stress distribution of

fbiteiees el d b Ao Atem o

oy in Fiz. 15, Comparing the stress ay at 10 per-ent and at larger

reductions, again the oppecsite trend is seen in its distributions, and
the distribution at a 20 percent reduction avparently show¥s no simi-

larity with that tor perfectly plastic materials. A comparison of the

U LA 2 L

stress distributions for work-hardening materials and for perfectly
plastic materizis shown in Figs. 14 and 1% indeed confirms the remarks
made with regard to the slip-line fields in Fig. 11,

Ia Fig. 16, the distribution of Uz, whict is equal to the hydro-
static component %(Gx + cv) for plane strain, is shown throughout the
deforming region. At a 10 percent reduction (Fig. 162), there is a
large amcunt of hydrostatic pressure near the die, and a nydrostatic
tension region is observed near the center of the specimen. Vhen the
reduction is 20 percent, the region of large hydrostatic pressurc
moves toward the center of the specimen and, in addition, a large
pressure zone appears near the edge of the contact surface (Fig. 16b).
The pressures at these two regions increase as the reduction increases
(Fig. 16c), but becowe somewhat relaxed at a reduction of 40 percent.
The distributions of az shown in Fig. 16 are directly responsible for
the small deformation aga.nst the pglass plate in the direction of pilare-

strain constraint discussed with reference to Fig., 4.
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The contact nressure distribution along the die-workpiece inter-
face is plotted in Fig, 17, The pressure increasez from the center
toward the edge for 10, 29, and 30 percent reductions, and the dis-
tribution curve flattens at 40 percent reductions, The side-pressing
loads ealculated from the contact pressures agreed within 10 percent
with those measured. The average pressurce is higher at a 10 percent
reduction and remains approximately the same at other reductions.

This is due to the value of the width-height ratio, and is in agreement
qualitatively with the slip-line theory prediction for perfectly plas-
tic materials,

It was shown that the center of the specimen was a c¢c=itical loca-
tion for fracturing becausec the effective strain was found to be

largest at that point. 7The stress system and its variation during

deformation at this point was therefore examined (Fig, 18}, In the be
ginning of deformation c& is t2nsile and it increases as the deforma-
tion proceeds, Then at a width-height ratio of about 0.5 the stress
cx tends to decrease rapidly, resulting in a state of increased hydro-
static pressure, With further deformation. the pressure rises
gradually, It is a well~known fact that the ductility of the material
increases generally under the compressive stresses, Thus, the center
of the specimen may not become a critical point for fracturing if the

width-height ratio is sufficiently large.

5. EFFECTS OF SPECIMEN GEOMETRY AND MATERIAL PROPERTIES

For examining the effect of initial specimen geometry, specimens
with machined flats of various widths were side-pressed, and the strain

and strain-rate distributions were compared. Figures 19 and 20 show
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é‘ the constant effective strain-rate contours at configurations given Ly
W/H = 1,22 and 1,80, respectively, for specimens having initial flats
of different widths, The values of the strain rates in the figures are
for the unit die velocity., It is a common occurrence for a zone of
retatively high strain rate to run diagonally fram the coiner of the
die-workpiece contact surface toward the center of the specimen, as
seen in Fig., 13, The distribution patterns, however, show minor
differences, Since measurements of the sliding velocity distributions
along the interface show no difierence for three specimens, the dif-
ferences in strain-rate patterns are attributed to the variation in
the yield stress distributions. In comparing the magnitudes of strain
rates, it must be pointed out that the actual sizes of the three speci-
mens at the same values of ‘sidth-height ratio differ, and that the
strain-rate values should be adiusted according to zeometrical simi-
larity, though this adjustment is small in the present case. For a
width-height ratio of 1,80, Fig. 20 reveals that the high-strain-rate
region exists from a corner of the contact surface in a direction
roughly 45 degrees to the contact surface, furthermore, another highf
strain-rate zone appears at the center of the specimen just beneath
the die. In this case, too, the friction condition along the die-

workpiece interface is almost identical for the three specimens. With

LR

A

this width-height ratio, :he strain-rate distributions are in good
agreemcnt with each other despite the fact that variations in the yield

stress distributions still exist. When tae width-height ratio is

s it

i

considerably larger thax unity, the interface friction and the current
geometrical configuration (W/H) appear to be controliing factors for

determining instantaneous flow patterns, Figure 21 gives the *otal
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strain distributions along the x-axis at the configurations shown in
Figs. 19 and 20. The magnitudes of the strains should obviously be
different. A larger deformation has to take place in a specimen with

4 narrower machined flat to arrive at the same value of width-height
ratio., During the deformation, until W/H reaches 1,22, the location

of the largest strain rate along the x-axis remains at the center of

the specimen, resulting in the largest straln occurring there also,

then decrensing toward the free surface. On the other hand, with an
increasing W/H value, the point of the largest strain rate moves away
from the center of the specimen, Thus the larger strains occur at

some distance from the center, Figure 22 shows the strain distriou-
tions along the y-axis, Aga.n, the strain is largest at the center of
the specimen, and de reases toward the die-workpiece interface at

W/H = 1,22, while the increase of the strain near the interface is

much larger than that at the center at W/H = 1,80. This is due to the
appearance of the relatively high strain-rate region near the interface
along the y-axis. Thus, the results shown in Figs. 21 and 22 are con-
sistent with the observations made in Figs. 19 and 20, Since the

strain variaticn at the center of the specimen appears to reflect sensi-
tively the change of deformation pattern, the effective strains € at
the ceuter of the specimen were plotted in Fig. 23 as functions of the
width-height ratio for specimens with various initial flats., The curves
with smooth dies are characterized by a rapid increase until W/H becomes
unity, followed by a sharp decrease in slope, and tken another increase
in slope at about W/H = 2,0, With rough dies, the strain follows the
same path as that for smooth dies and begins to deviate around a width-

height ratio value of 1,0, 1t is concluded then that the deformation
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is detexmined by the current geometry alone for W/H < 1.0, and the
friction condition and width~-height 1atioc control the deformation mode
when W/H beccemes larger than unity. These conclusicns indeed coincide
with those predicted by the slip-line theory for rigid, perfectly
plastic materials. It may be of interest to examine further the
effect of material properties on metal floé. The flow lines in side-
pressing circular cylinders of aluminum and copper are comfared in
Fig. 24 for a ieduction in height of up to 22 percent. Since in this
range of reduction the width-height ratio is less than unity, the
effect of friction on deformation shouid be negligible, Thercfore,
any deviation in flow lines ir this range may be considered as the
effect of material properties. As szen in the figure some differences
are indiczated, but they are fnciznificant, This is coafirmed again by
the effective strain variation at the center of the specimen shown 1in
Fig, 25 for the two materials, Investigution of the effect of m-terial
properties was limited, mainly because the two materials selectea had
similar stress-strain curves with only a difference in magnitude, and
it wus therefore not possible to draw a general conclusion., However,
it can be speculated that, in general, the material properties would
not cause a significant chunge of the deformation characteristics in
this process, This hypothesis is based on the argument that a large
part of the free surface remains in the elastic state; therefore, the
frictional and geometrical constraints dominate the determination of

nlastic flow involved in side-pressing.

6, SUMIARY
The flow patterns of ccmmercially pure aluminum and copper speci-

mens were chserved in side-pressing under plane-strain conditions,
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The detailed mechanics weréd derived for side-pressing circular cylin-
ders, and the effects on the deformation characteristics of frictior
at the interfsce and initial specimen geometry were examined. The
slip-line theory, based oa the assumption of rigid, perfectly plastic
materials agrecd well with the observations of overall deformation
characteristics. The detailed mechanics for actual materials, however,
differed considerably from those predicted by the theory for idealized
materials, The local stress, strain, and strain-rate distributions
were revealed, and stress and strair paths at the center of the speci-
men were examined, The effects of iritial specimen geometry and
material properties were also studied, It was shown that the current
geometry and the friction conditions determined the defcrmation mode,
and practically no difference existed in flow fields for the two

materials selected for this investigation.
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