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Surface contours in the axi-symmetric
upsetting of solid cylinders

A.P.SINGH*, K. A, PADMANABHAN
Department of Metallurgy, Indian Institute of Technology, Madras-600036, India

Surface flow contours during the axi-symmetric upsetting of aluminium, Sn—Pb eutectic
alloy and Plasticine have been studied as a function of the extent of deformation,
frictional condition and height-to-diameter ratio. The roughness of the end faces after
upsetting has also been measured. The results have been explained in terms of the changes
in the frictional condition, the strain-rate sensitivity and the local strain rate and it is con-
cluded (a) that cold upsetting of a material of negligible strain-rate sensitivity gives rise to
a parabolically-shaped barrel, (b) that hot upsetting the Sn—Pb alloy specimens of height-
to-diameter ratio 1.5 results in a linear increase in diameter from the top to the bottom of

specimens, due to a linear decrease in strain rate in the same direction, (c) that hot com-
pression of Plasticine specimens and Sn—Pb alloy specimens of height-to-diameter ratio
2.0 leads to complex shape changes which cannot be predicted using the present knowl-
edge concerning the upsetting of strain-rate sensitive materials and (d) that the greater
increase in roughness following significant compression of the end faces of lubricated
specimens, compared with that observed for unlubricated specimens, is due to enhanced
surface metal flow with a decrease in frictional constraints.

1. Introduction
The type of metal flow in a given operation
determines the final shape of the product, the
defects present and the variations in properties due
to localization of flow. The extent of localization
of flow, on the other hand, is affected by grain size
and distribution, preferred orientation, imposed
strain rate, temperature of deformation, effective-
ness of lubrication and tool geometry [1].
Experiments to study the flow of metals
involve the use of the actual metals and alloys or
model materials, e.g., Plasticine. The distortion of
grid lines or the differential etching of a section of
the deformed specimen has been used to assess
strain distribution, A systematic study of the
change in geometry of the free surfaces can be
used also in predicting metal flow under different
conditions of working. This is because the bound-
aries in contact with tool surfaces will have to con-
form to the tool geometry. The changes in the
geometry of free surface(s) define the overall
deformation,

Thus, a study of free deformation can simplify
the design of forgings and decrease the number of
trials necessary before successful forgings can be
made.

Usually secondary tensile forces (which cause
cracking) develop only at the free surfaces, This
would imply that, if the extent of barrelling can
be predicted, then the limits to formability under
the given working condition can be fixed.

Alexander and Brewer {2] have explained how
non-uniform distortions can result, even where
they are not expected, if a specimen with the
wrong geometry is chosen. Johnson and Mellor
[3], on the other hand, have discussed in detail the
effect of specimen geometry and flow character-
istics of materials on the shape changes accom-
panying free deformation. During explosive work-
ing of metals [4] pressure waves, work-piece geom-
etry and material response are all known to influ-
ence the resulting changes in shape.

In general, the change in the shape of the work-
piece following a particular tool movement cannot
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be easily predicted, Indeed there is a suggestion
[5] that for free flow the change in contour has
not been predicted for even a single practical prob-
lem. The upsetting of cylinders, however, has
received some attention [6]. Here, both the height-
to-diameter ratio and the frictional condition are
important in determining the shape of the barrel.

In hot upsetting the insulating properties of the
lubricant may greatly affect the metal flow. In one
case [7] the strain distribution was more uniform
at higher speeds of deformation while in another
[8] non-uniformity in flow increased with increas-
ing strain and strain rate. Occasionally, concave
bulging (“bollarding”) has also been reported [9].

Frequently, an appropriate choice of lubricant,
die finish and operating conditions ensures a
lustrous finished product. Use of a light lubricant
results in highly reflective surfaces but a viscous
lubricant causes a matt finish. Surface roughness
of the work-piece also affects the effectiveness of
lubricants [10—21].

In view of the above, it is very desirable to be
able to predict accurately the flow profiles that
develop during upsetting. An examination of the
literature (see, for example, [22]), however,
reveals that even with simplifying assumptions
the analytical approach is rather complicated.
Therefore, an attempt has been made in this paper
to develop empirical curvilinear regressional
equations for predicting the surface contours
obtained in axi-symmetric upsetting. Also, the
roughness of the flat, compressed faces, under dif-
ferent experimental conditions, has been charac-
terized, both in terms of the arithmetical mean
roughness value and the pure depth value.

2. Experimental procedure

Commercial aluminium, tin—lead eutectic alloy
(62 wt% Sn—38 wt% Pb) and black Plasticine were
chosen for the present study.

Commercial aluminium, having the compo-
sition0.18 wt % Fe—0.12 wt % 8i—99.7 wt % Al, was
received in the form of an ingot. It was remelted in
a crucible furnace and cast into cylindrical bars of
25.4mm diameter. These bars were cold forged at
room temperature to a diameter of 12.70 mm.
Cylindrical specimens having a constant diameter
of 10.16 mm and a height-to-diameter ratio of 1.5
were machined from the forged rods. The speci-
mens were annealed at 673K for 1h. The grain
size after annealing was 73 um.

The tin—lead eutectic alloy was melted in a
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resistance furnace and cast into bars of 25.4 mm
diameter. These bars were forged at room tempera-
ture, i.e., hot-worked, to a diameter of 12.70 mm.
Cylindrical specimens of dimensions identical to
the previous case were made and annealed at
373K for 15min. A grain size of 6.2um was
obtained.

Plasticine specimens, with dimensions similar to
the other two cases, were made using a split die.

Some Sn—Pb alloy specimens with a diameter
of 10.16 mm and a height-to-diameter ratio of 2.0
were also made.

The specimens were compressed axially on an
Instron universal testing machine at a constant
cross-head speed of 1.67mmksec™ by amounts
varying between 10 and 50 per cent reduction in
height. The tests were carried out in both the dry
and lubricated conditions. For commercial alumin-
ium and Sn—Pb eutectic alloy specimens thin
general-purpose lithium-base grease was chosen as
the lubricant; in the case of Plasticine “Tee-pol”
solution was used.

The profile developed on the curved surface of
the aluminium and the Sn—Pb cylinders was
plotted with the aid of a profile projector at a suit-
able magnification (x 20). With Plasticine, because
of its ultra-softness, photographic negatives were
projected, at a magnification of 50, to determine
the profiles.

In addition, using a Perth-o-meter the roughness
of the flat, compressed, faces of the aluminium
and the Sn--Pb alloy specimens was evaluated in
terms of both the arithmetical mean roughness
value, R,, and the pure depth value, Ry. (In a
Perth-o-meter the oscillations resulting from the
movement of a diamond stylus over the given
surface is recorded on a strip chart, after suitable
magnification.) R, is determined by averaging
both the peaks and the valleys to two mean pro-
file lines, so that the distance between these two
lines gives the mean roughness value. Ry is the
vertical distance between the highest peak and the
lowest valley in the entire length of traverse.

The experiments on commercial aluminium
simulated conditions of cold work, while those
involving the Sn—Pb alloy and Plasticine corres-
pond to the hot working situation. The strain
rate employed, however, was slower than the
industrial level by a factor of about 1000.
(The commercial implications of the resulis
obtained under these conditions will be dis-
cussed in Section 4.)
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Figure ] Barelling in commercial aluminium compressed
by 50 %.

3. Results

Following the procedure outlined earlier, the
curved surfaces of the various deformed samples
were traced. A polynomial prediction equation
was obtained for each specimen using the method
of least-squares fit. By comparing the equations
for the contours on either side of the axis of sym-
metry, it could be established that within exper-
imental errors flow was symmetric about the
axis of the cylinder.

For the commercial aluminium specimens the
surface contour in the entire range of 10 to 50%
reduction (defined as (H,— Hs)/H,, where H, is
the initial height and H; is the height following
deformation) could be represented by a parabola
(see, for example, Fig. 1). The form of the equation
predicting the surface shape was little affected by
friction at the interface, although barrelling
decreased by about 5% when a lubricant was used.
The prediction equations corresponding to five dif-
ferent reductions are presented in Table I. In Table
I the standard deviation and the coefficient of vari-+

ation associated with each prediction equation, the
true stress at the bottom of stroke for each com-
pression and the percentage decrease in barrelling,
defined in terms of the maximum diameter, are
also given.

For tin—lead eutectic alloy specimens having a
height-to-diameter ratio of 1.5 the profile was
linear with the specimen diameter increasing from
the top, i.e., the surface in contact with the mov-
ing anvil, to the bottom, e.g., Fig. 2. Lubrication
did not alter the surface contour. The flow stress
also did not change. The prediction equations and
the other details are summarized in Table II.

The profiles obtained by deforming Plasticine
were distinctly different from those seen with
other materials, see Fig. 3 a to e. Here again the
use of a lubricant did not change the profile,
extent of barrelling or the flow stress.

If the entire profile was fitted to a single
equation by taking the origin to lie at the upper-
most point, it was necessary to use a third or
fourth degree curve (see Table IIIA and B, respec-
tively). Closer examination, however, revealed that
the compound curve in each case could be described
in terms of simpler configurations. Except when
the degree of compression was 20%, it was found
that up to a distance H¢/2 from the top the profile
was linear with an outward slope. The rest of the
curve could be represented by a parabola. When
the degree of compression was 20%, the linear
portion was absent. The compound curve in this
case could be represented by two parabolas, the
first curve terminating at a distance Hg/3 from the

TABLE I Prediction equations for commercial aluminium compressed, with and without a lubricant, by different

amounts
H,—H; Prediction equation* Standard Coefficient of True stress at the  Decrease in extent of
(T) x 100 (measurement in cm) deviation variation end of stroke bulging when a lubricant
%) (+ cm) (%) (MNm~™%) was used (No lubrication
condition is base)
(%)
10 y=0.90 + 0.0052x 0.028 0.6 66 5.6
—0.0058x? 62
20 ¥y =1.3034 + 0.0061x 0.017 0.2 82 55
—0.0104x? 78 '
30 y =1.86 +0.0084x 0.018 0.1 93 54
—0.0198x? 89 ’
40 y=190+0.0112x 0.011 0.1 101 53
—0.0112x? 96 )
50 y=2.00+0.0158x 0.032 0.3 107 4.8
—0.0357x* 102 :

*The origin has been assumed to lie along a horizontal line at Hg/2 from the top surface of the specimen. (The dimen-
sions of the compression specimen have been magnified 20 times to obtain the prediction equations.)
TThe lower true stress in each compression corresponds to the lubricated condition.
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Figure 2 Surface profile in Sn—Pb eutectic alloy of H,/D,
1atio 1.5 compressed by 50 %.

top. These simplified prediction equations are
given in Table IV,

The earlier conclusion [3] that the surface con-
tour depended also on the height-to-diameter ratio
received support from the experiments on Sn—Pb
specimens having a height-to-diameter ratio of 2.0.
In this case two specimens were compressed, with-
out lubrication, by 20% and 30 %, respectively.
The profiles developed were quite different com-
pared to when the height-to-diameter ratio was 1.5
but were very similar to those obtained with Plasti-
cine, see Fig. 4.

In view of this striking similarity, further exper-
iments were considered unnecessary. In Table VA
and B the third and fourth degree equations devel-
oped to fit the profiles are presented. The com-
pound curves for this alloy could also be con-
sidered to be made up of simpler configurations.
The simpler equations obtained by this approach
are given in Table VC.

The roughness of the compressed faces,
obtained with and without lubrication, was evalu-
ated in terms of both the average, R,, and the
maximum, R;, values. For each specimen, by
evaluating the roughness at both ends, it was
ensured that within experimental errors they had

similar roughness. Table VI contains the results for
aluminium specimens; the results for Sn—Pb alloy
specimens, with height-to-diameter ratio of 1.5,
are given in Table VII. In both materials, following
relatively small deformation, the roughness of the
lubricated specimens was less or equal to that of
unlubricated specimens. After heavy compression,
however, the opposite was true, see Figs 5 and 6
for results concerning commercial aluminjum and
Sn—Pb eutectic alloy, respectively., No measure-
ments were made of surface roughness for Plasti-
cine since it was too soft.

In order to understand the results presented in
the previous paragraph, tracings of the compressed
faces corresponding to Figs 5 and 6 were made
(Fig. 7: commercial aluminium; Fig. 8: the Sn—Pb
alloy). In all specimens an inner circle could be
seen, which corresponded to the portion in con-
tact with the platen at the beginning of defor-
mation. It will be seen from Figs 7 and 8 that,
after large deformation, the area in contact with
the anvil is greater for the lubricated specimens
than for the unlubricated specimens.

4. Discussion

Earlier work [19] has revealed that under con-
ditions of cold working “dead metal” cones with
an apex angle of approximately 120° are created
at either end of the compression specimen. During
deformation these zones force the remaining metal
transversely outward and cause barrelling. Then,
the lateral velocity of flow increases from zero at
the metal--tool interfaces to a maximum value at
the centre, When this velocity variation is uniform
and gradual, the simplest profile is a parabola (as
two straight lines will meet along the centre plane
with a sharp discontinuity) so long as the height-

TABLE II Prediction equations for Sn—Pb eutectic alloy compressed, with and without a lubricant, by different

amounts. Height-to-diameter ratio is 1.5

H,—Hg Prediction equation* Standard Coefficient of True stress at the
(T) X 100 (measurements in cm) deviation variation end of strokel
) (x cm) (%) (MNm-?%)

10 No visible deviation - - 9
from cylindrical shape

20 y =0.05655 + 0.03261x 0.015 0.1 8

30 y=0.07501 + 0,0320x 0.005 0.1 8

40 y = 0.09076 + 0.03926x 0.002 0.3 8

50 y =0.1050 + 0.05763x 0.002 0.11 8

*The origin has been assumed to lie on the top surface of the specimen. (The original dimensions of the compression
specimen have been magnified 10 times to obtain the prediction equations.)
TThe decrease in true stress and extent of barrelling on using a lubricant is negligible.
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Figure 3 Surface contour in Sn—Pb
eutectic alloy of H, /D, ratio 2.0 com-

pressed by 30 %.

(a) (b)

(c)

4000um
|

(d) (e)

to-diameter ratio is less than about 2.5 [23]. This
is what has been seen in the case of the aluminium
specimens (see Fig. 1 and Table T).

For aluminium in the presence of lubrication,
barrelling and flow stress decreased by about 5%
compared with the unlubricated condition. The

difference in the extent of barrelling and flow
stress betweeen the lubricated and dry conditions
in other materials was negligible. On account of
the low strain-rate employed, it is understandable
that the frictional contribution is, in general,
rather low, In the case of aluminium the use of a

TABLE IIIA Prediction equations for Plasticine compressed, with and without a lubricant, by different amounts for a

polynomial fit of degree three

Prediction equation™

Ho —Hg
( H ) X 100 (Measurements in mm)

o

Standard Coefficient of True stress at the
deviation variation end of stroke

(%) (+ mm) (%) (Ncm™2)
10 y=—0.2611+ 1.141x + 0.1937x* — 0.3679x? 0.05 1.2 6
20 ¥y =0.73—0.3736x + 0.0586x* — 0.0026x° 0.06 2.3 7
30 y=—0.1362 + 0.1289x + 0.082x? —0.00107x® 0.01 1.7 7
40 ¥ = 0.0406 + 0.0439x —(0.0993x?% + 0.1138x3 0.01 2.0 7
50 y =0.601 + 0.052x — 0.83x* + 0.1235x3 0.02 24 7

TABLE IIIB Prediction equations for Plasticine compressed, with and without lubricant, by different amounts for a

polynomial fit of degree four

H,—H; Prediction equation* Standard Coefficient of  True stress at the
T x 100 (Measurements in mm) deviation  variation end of stroke’
%) (+ mm) (%) (Ncm™2)
10 y =0.1860 — 0.5255x — 0.0127x* + 2.8956x°>  0.04 0.9 6
—1.7180x*
20 ¥y =0.20 + 0.24x + 0.07x* + 0.007x? 0.04 2.6 7
—0.0001x*
30 y =0.1543 —0.0358x + 0.0058x* + 0.0043x*  0.01 1.3 7
— 0.0004x*
40 ¥y =0.0106 + 0.11x — 0.607x* + 0.1069x? 0.01 1.6 7
—0.0777x*
50 y=0.018 + 0.12x —0.065x* + 0.11x? 0.02 2.2 7
—0.08x*

*The origin has been assumed to lie on the top surface of the specimen. (The original dimensions of the compression
specimen have been magnified 15 times to obtain the prediction equations.)
The decrease in true stress and extent of barrelling on using a lubricant is negligible.

825



TABLE IV Prediction equations for Plasticine compressed, with and without a lubricant, by different amounts. (Fit

obtained by dividing the compound curves into two parts)

H,— Hg X 100 Prediction equation* Standard Coefficient of True stress at the
H, (Measurements in mm) deviation variation end of stroke'
%) (x mm) (%) (N cm™?)
10 y =0.0298x — 0.0422 0.01 0.6 6
y =0.8028x — 0.0989x2 — 0.8425 0.01 0.3
20 »=10.3994x — 0.0620x* — 0.0538 0.01 0.7 7
y =10.7348x — 0.0622x* — 0.9872 0.02 0.5
30 y =0.0743x — 0.066 0.01 0.5 7
¥ =0.7632x — 0.0215x* — 0.3566 0.01 0.5
40 y =0.1221x — 0.0073 0.01 0.6 7
y = 1.3047x — 0.1513x> — 1.8440 0.01 04
50 y=0.10 + 0.20x Nil Nil 7
y =0.8758x —0.1758x* — 0.1985 0.02 0.6

*In all cases, except for 20% compression, the ratio of the linear to the quadratic range is 1:1. For 20% compression the
first parabola covers a distance Hg/3 from the top. (The original dimensions of the compression specimen have been

magnified 15 times for obtaining the prediction equations.)

The decrease in true stress and extent of barrelling on using a lubricant is negligible.

lubricant appears to have slightly decreased the
coefficient of friction and the redundant work.
Thus, a small decrease in the extent of barrelling
and the flow stress is to be expected. For the other
materials which are hot worked at room tempera-
ture, the effect of lubrication on frictional work
appears to be insignificant. Then no change in the
extent of barrelling and flow stress is expected.

In the Sn—Pb eutectic alloy specimens of
initial height-to-diameter ratio of 1.5, the diameter
of the compressed specimens increased linearly
from top to bottom. A somewhat similar result has
been reported by Padmanabhan [24]. When V is
the tool velocity and H is the instantaneous height
of the compression specimen, V/H is the strain
rate at the top end, in contact with the moving
tool, of the specimen. When a linear variation of

2600 um
p—

Figure 4 Shape changes in Plasticine compressed by (a)
10%, (b) 20 %, (c) 30%, (d) 40 %, and (&) 50 %.

826

strain rate with vertical distance from the moving
anvil is assumed, a strain-rate distribution as shown
in Fig. 9 will result. However, Sn—Pb eutectic alloy
is highly strain-rate sensitive {25] and therefore,
the flow is easier at the lower strain rates. Then
the lower portions, which experience slower strain
rates, will undergo greater deformation and give
rise to the observed results (see also Fig. 9).

Similarly, the deformation behaviour of Plasti-
cine, except when the height reduction was 20%,
and the Sn—Pb eutectic alloy with a height-to-
diameter ratio of 2.0, which was similar, can be
understood following similar arguments. However,
in those specimens a linear varjation of strain rate
existed only up to a certain depth (see Tables III
and V). Later, the variation in strain rate became
more rapid. Towards the bottom end, friction
also appeared to be important. The net effect was
that the compound curve consisted of a straight
line (top) and a parabola. A possible strain-rate
variation that can give rise to the observed strain
distribution is given in Fig. 10.

After checking the reproducibility of the results
three times, it has been concluded that following
the compression of the Plasticine specimens by
20% the surface profile obtained was distinctly
different (Fig. 3b): the compound curve obtained
is made up of two parabolas, the top one descend-
ing to a distance of Hg/3. It is tempting to state
that the compression specimen may be looked
upon as a composite of two shorter specimens,
each of which deforms to a parabola. This
approach, however, overlooks the following
aspects:



TABLE V A Prediction equations for Sn—Pb eutectic alloy of height-to-diameter ratio of 2.0 compressed, without a
Iubricant, by different amounts for a polynomial fit of degree three

H,— Hg 100 Prediction equation* Standard Coefficient of  True stress at the
. X (Measurements in mm) deviation variation end of stroke
(%) (x mm) (%) (MNm™?)
20 ¥ =0.0693 —0.1767x + 0.1933x*> —0.0462x*  0.01 1.2 7
30 y =0.0226 + 0.0371x + 0.1185x% — 0.043x> 0.01 1.1 7

TABLE VB Prediction equation for Sn—Pb eutectic alloy of height-to-diameter ratio of 2.0 compressed, without a
lubricant, by different amounts for a polynomial fit of degree four

H,—Hg Prediction equation* Standard  Coefficient of  True stress at the
( o ) x 100 (Measurements in mm) deviation variation end of stroke
(%) (+ mm) (%) (MN cm™?)

20 ¥ =0.1372 — 0.4823x + 0.5826x* —0.238x° 0.01 0.8 7
+ 0.0290x*

30 ¥ =0.00775 + 0.2089x — 0.1248x* + 0.0819x* < 0.01 0.3 7
—0.0213x*

TABLE VC Prediction equations for Sn—Pb eutectic alloy of height-to-diameter ratio of 2.0 compressed, without a
lubricant, by different amounts for a fit obtained by dividing the compound curves into two parts

H,—H; Prediction equation Standard Coefficient of True stress at the
(—’0—) X 100 (Measurements in mm) deviation variation end of stroke
%) (+ mm) %) (MNcm™?)

20 y =0.0190 + 0.0587x Nil Nil 7
y=0.0430 + 0.2332x —0.1619x? <0.01 0.7

30 y=0.13+ 0.10x Nit Nil 7
¥ =0.1519 + 0.2949x — 0.2617x* <0.01 0.9

*The origin has been assumed to lie on the top surface of the specimen. (The original dimensions of the compression
specimen have been magnified 20 times to obtain the prediction equations.) The ratio of the linear to the quadratic
range is 1:1.

(2) no such observation could be made when
the per cent compression was 10, 30, 40 or 50; rise to the present strain distribution is given in
(b) the material has a high strain-rate sensitivity;  Fig. 11.
and Surface shape changes during the upsetting of
(c) the top parabola terminates at a distance of  materials of high strain-rate sensitivity are not well
H¢/3 and not Hg/2. understood. The results concerning the Sn—Pb

A possible strain-rate variation which can give

TABLE VI Mean and peak roughness values (see text) in case of commercial aluminium compressed, with and without
a lubricant, by different amounts

H,—Hg Condition Surface Roughness  Diameter of compressed Diameter of inner ring
————1x 100 —_—

( o ) R Ry parallel face formed on parallel face

2 (um) (umy O (mm)

10 Unlubricated 0.02 0.16 10.5 10.1

20 0.02 040 114 10.1

30 0.30 1.80 12.0 10.1

40 0.30 2.60 13.0 10.1

50 0.45 3.00 144 10.1

10 Lubricated with 0.02 0.16 10.5 10.1

20 lithium-base grease 0.12 1.35 11.5 10.1

30 0.30 225 123 10.2

40 0.45 340 134 104

50 0.70 7.60 14.7 10.5
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TABLE VII Mean and peak roughness values (see text) in the case of Sn—Pb eutectic alloy specimens compressed,

with and without a lubricant, by different amounts

(Ho — Hf) Condition - Surface roughness  Diameter of compressed  Diameter of inner ring
————={ X 100 —_— e
H, | R Ry parallel face formed on parallel face
) @m ()
10 Unlubricated 0.04 0.26 10.5 10.1
20 0.20 2.70 114 10.1
30 0.25 3.20 12.0 10.1
40 0.30 3.60 13.0 10.1
50 0.40 3.30 144 10.1
10 Lubricated with 0.025 1.60 10.5 10.1
20 lithium-base grease 0.20 2.20 114 10.1
30 0.35 3.30 12.3 10.3
40 0.40 4.60 13.3 104
50 0.50 7.50 14.7 10.5

alloy specimens of height-to-diameter ratio 1.5 can
be rationalized by suggesting that a linear variation
in strain-rate (the simplest possibility) developed
during upsetting. For the Plasticine specimens and
the Sn—Pb alloy specimens of height-to-diameter
ratio 2.0, whose response was similar, the observed
strain distribution could be explained only in
terms of more complicated variations in strain-rate.
Future theoretical work should be directed towards
quantifying the ideas concerning the combined
effects of strain-rate sensitivity, friction and
height-to-diameter ratio. Until this happens,
empirical equations, like the ones developed in this
paper, should be useful in predicting the surface
contours developed during axi-symmetric up-
setting, under different experimental conditions.

In this study the roughnesses of the flat faces of
the cylindrical specimens prior to compression
were measured, As all the specimens except those
made of Plasticine (on which no roughness
measurements were made) were fine-turned and
their end faces polished down to 4/0 grade fine-
ness of emery paper, it was assumed that their
initial roughness was identical.

D)J.m

When considering the results it must also be
noted that the maximum roughness value, Ry, is
not reliable because even the presence of a single
scratch can give rise to a high Ry value. So, greater
emphasis was placed on the arithmetical mean
roughness value, R,.

For all of the specimens on which a roughness
measurement was made, the diameter in contact
with the platens had increased after a compression
test, i.e., some of the material on the cylindrical
sides had appeared at the material—die interface,
This observation has been explained as follows: a
“particle” of metal outside the friction-affected
zone initially moves laterally until the downward
movement of the tool either overtakes it or builds
up sufficient stress to press it down.

Following relatively small deformation, the sur-
face roughnesses of the lubricated specimens were
comparable to or less than those observed in
unlubricated specimens. However, after larger
deformation their roughnesses were greater than
those of the unlubricated specimens. While the
former observation is only to be expected, the
latter result can be traced to the greater flow of

e A e W s aua A A e
(a) (b)
Figure 5 Surface roughness pro-
files in commercial aluminium
P um D Hm compressed by (a) 10 %, without a

(©) d)
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lubricant (b) 10%, with lithium-
base grease as a lubricant (c) 20 %,
without a lubricant and (d) 20 %,
with lithium-base grease as a
lubricant.
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surface metal in the lubricated specimens (Figs 7
and 8). (Evidently, a decrease in surface friction
causes a greater flow of surface metal.)

A study of this kind may have the following
advantages:

(a) There is a possibility that using the pre-
diction equations generated for each type of flow,
the initial specimen geometry for obtaining under
free flow a given final shape can be determined.
Also the machining required, after compression,
at different places can be calculated a priori. Exper-
iments have been planned in the second phase of
this study to verify the above possibilities.

(b) The surface roughness after compression
under different conditions can be determined. Of
particular significance is the finding that after
heavy reductions a lubricated specimen is likely

(a) (b}

13000 um
e

(c) (d)

Figure 7 Outline of the compressed faces and the inner
circles seen on the parallel faces of commercial aluminium
compressed by (a) 10%, without a lubricant, (b) 10%,
with lithium-base grease as a Iubricant, (c) 20 %, without
a lubricant, and (d) 20%, with lithium-base grease as a
lubricant.

IZ'S}Am

BTN e Ve P

IZ'S Hm

(c) (d)

Figure 6 Surface roughness pro-
files in Sn—Pb eutectic alloy
specimens compressed by (a)
20%, without a lubricant, (b)
20 %, with lithium-base grease as
a lubricant, (c) 40%, without a
lubricant, and (d) 40%, with
lithium-base grease as a lubzi-
cant.

(b)

to have a rougher surface compared with an
unlubricated surface.

The question still remains as to whether the
present results, obtained at a strain rate about
1000 times slower than industrial rates of forming,
can be of use to industry. Firstly, it is noted that
observations made at a similar strain-rate [26] for
predicting strain—temperature combinations for
controlled rolling, have subsequently been verified
to be relevant in actual rolling experiments. (This
is being reported elsewhere.) Secondly, in the next
phase of this study experiments are being con-
ducted in the strainrate range of 0.5—10sec”,
using a hydraulic press and a friction-screw press.
Those results, it is hoped, will show up the differ-
ences, if any, in surface contours arising out of a
change in the strain-rate level.

(a) (b)

13000 um

T
(©) (d)

Figure 8 Outline of the compressed faces and the inner
circles seen on parallel faces of Sn—Pb eutectic alloy com-
pressed by (a) 20 %, without a lubricant, (b) 20%, with
lithium-base grease as a lubricant, (c) 40%, without a
lubricant, and (d) 40%, with lithjum-base grease as a
lubricant.
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Figure 9 Schematic plot showing the vari-
— — Strain ation of strain and strain-rate with vertical
Strain rate position in specimen for the Sn—Pb alloy
\\\ specimens of H, /D, ratio 1.5.
N W
o ~N 0
< <t
: S =8
% ~ G
Zo
~ <0
~N 14 l
\\ 5
~
~
Not ™~
zero
FIXED MOVING
END END

5. Conclusions

Based on axi-symmetric upsetting of aluminium
specimens at a cold working temperature and
Sn—Pb eutectic alloy and Plasticine specimens at
hot working temperatures the following con-
clusions have been drawn:

(a) Compression of aluminium cylinders leads
to barrelling, which can be represented by a parab-
ola. Use of a lubricant reduces the flow stress and
the extent of barrelling by about 5 %.

(b) Compression of highly strain-rate sensitive
Sn—Pb eutectic alloy specimens of height-to-
diameter ratio of 1.5 causes a linear variation (with
outward slope) of diameter from top to bottom.

(c) Compression of the Plasticine specimens and
Sn—Pb eutectic alloy specimens having a height-to-
diameter ratio of 2.0 gave rise to compound
curved profiles which could be looked upon as a
combination of either a straight line and a parab-
ola or of two parabolas.

(d) The observed contours in aluminium are
due to the presence of the friction-affected zones
while in Sn—Pb eutectic alloy specimens of height-
to-diameter ratio 1.5 the surface shape changes
result from a linear decrease in strain-rate from the
top to the bottom of specimens. The strain-rate
variations required to explain the contours devel-
oped in Plasticine specimens and Sn—Pb alloy
specimens of height-to-diameter ratio 2.0, on the
other hand, are more complicated and cannot be
predicted using the present knowledge concerning
the upsetting of strain-rate sensitive materials.
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Figure 10 Schematic plot showing the variation of strain
and strain-rate with vertical position in specimen for
Plasticine (except when reduction was 20 %) and Sn—Pb
alloy (H,/D, = 2.0) specimens.
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Figure 11 Schematic plot showing the variation of strain
and strain-rate with vertical position in specimen for
Plasticine compressed by 20 %.
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