
ipm and resulted in the curves shown in Fig. 11; similar results 
were obtained at 400 ipm. All specimens were compressed to 
approximately 55 percent reduction in height which increased 
the final D/H ratio to 3.3 times its initial value. For tall speci
mens of D0/H0 — 0.5, end-face expansion was negligible; ii 
became significant only at values of Do/H0 = 1 (D/H = 3.3) 
for both lubricated and unlubricated conditions. 

Although end-face expansion began when the final diameter/ 
height ratio (D/H) was approximately 3, it did not approach the 
theoretical maximum even for lubricated conditions until the 
initial value, Da/H0, was equal to 3. In the latter circumstances, 
end-face expansion was about 80 percent of the theoretical maxi
mum (Fig. 11) and gave a surface appearance which indicated 
very little folding over of the sides. Thus deviation from homo
geneous deformation under these conditions is due to barreling 
only and not to folding over of the sides. 

Lubrication, therefore, plays a significant part, in increasing 
the expansion of the end faces and the homogeneity of deforma
tion, although expansion still begins only after a diameter/height 
ratio of approximately 3 is reached. 

Although not shown here, it is worth mentioning that the glass 
was sarprisingly inefficient in promoting end-face expansion. 
Apparently, the squeeze-film that formed on impact became 
sealed in at the periphery of the billet end face and acted es
sentially as an immobile mass. Pheripheral breakdown of 
squeeze-films was previously noted [13] and was probably ac
centuated in the present work by cooling of the glass on the colder 
anvils. 

Conclusions 
Within the limitations of the lest met hods used here, the follow

ing general conclusions may be drawn: 

1 Forging speed, die temperature, and dwell time of the hot 
workpiece on the dies have a major influence on lubricant 
action and metal flow in the simple upsetting of rings and 
cylinders. 

2 As speed increases, the following effects are observed: 
(a) dry friction is reduced 
(b) most lubricants are more effective mainly because of 

hydrodynamic action 
(c) metal flow is more homogenous. 

3 With graphite as a lubricant, friction is greatly influenced 
by ,the carrier fluid. Oily carriers reduced lubricating 
efficiency relative to aqueous dispersions at press speeds 
but gave lower friction at hammer speeds because they 
developed hydrodynamic squeeze films. 

4 The effectiveness of the carrier fluids was a function of die 
temperature and time of contact with the hot workpiece; 
friction remained rather high at hammer speeds if the carrier 
was allowed to evaporate. Differences in the deformation 
of the top and bottom surfaces of specimens was attribu
table to this effect rather than to cooling. 

5 High-viscosity materials such as glass generated massive 
squeeze films that completely separated the die and work-
piece surfaces and produced radical changes in material 
flow, but not necessarily a more homogeneous deformation. 
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D I S C U S S I O N 

A. T. Male5 

The authors have carried out some very diligent experimental 
work in an attempt to identify the separate effects of certain 
variables during the hot forging of steel. However, a few further 
comments as to how their results correlate with those of other 
workers in this field would seem appropriate. Before I make 
these comments, I would like to make one point about a possible 
misconception that the authors may have about the use of the 
ring test. The calibration values of Male and Cockcroff used 
in Figures 4 through 7 for 50% deformation are for conditions 
of constant coefficient of friction and are no longer applicable 
if the frictional conditions change with deformation. This 
point has been well documented [14-19]G but it is still overlooked 
by many people. The present authors make no mention of 
whether they checked the validity in this particular application 
with the various lubrication systems evaluated. If is possible 
that with some of their lubricant systems, lubrication begins to 
break down at deformations below 50 percent. This would 
be indicated by deviations from the standard calibration curves. 
This would in no way invalidate the work but would preclude 
the use of actual friction values. 

The variation of friction with speed under dry, unlubricated 
conditions reported by the authors is of considerable interest. 
Work published by Jain and Bramley [20] indicated that at, 
1120°C, there was only a very small frictional effect of a change 
in speed from 0.84 in/sec to the range 200 in/sec — 500 in/sec, 
and the general level of friction observed was in good agreement 
with an extrapolation of the high temperature data of Male 
and Cockcroff (see communications at the end of reference 

6 Westingliouse Electric Corp., Pittsburgh, Pa. 
11 Numbers in brackets designate Additional Reference at end of 

discussion. 
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[20]) obtained at a speed of 2 in/sec. This general level of friction 
coincides well with the data the present authors give in Fig. 6 
for a forging speed of between 340 and 480 in/sec. However, 
their data indicates also that the friction is increased by a drop 
in forging speed to 7.5 in/sec. An obvious difference in experi
mental procedure used by-these various workers is in the method 
of heating; Wallace and Schey used a controlled heating at
mosphere of oxygen-free nitrogen, thus oxidation of the specimens 
would be minimal; Jain and Bramley had no atmosphere con
trol, but covered their specimens with nickel cups in order to 
minimize oxidation, but their success is questionable; Male 
and Cockcroft made no attempts at all to minimise oxidation, 
with the exception of using small volume tube furnaces. There 
would thus be a big difference in the amount of scale present 
on the specimens of Wallace and Schey and on specimens of 
the. other workers. 

The question now arises as to how this oxidation difference 
could explain the observed differences in behavior with regard 
to t.he effect, of forging speed. I think the answer lies in the 
relative amount of surface chilling occurring under the different 
experimental conditions. I t has been shown previously [16,-
21,22] for a variety of metalworking operations that where 
possibility of odd temperature effects are absent, the process 
speed has no effect on friction under either unlubricaled or solid 
film lubricated conditions. If is likely (hat the speed effect 
observed by the present authors under unlubricaled conditions 
is due to the occurrence of varying degrees of surface chilling. 
This chilling would raise the flow strength of the surface layers 
above that of the bulk workpiece and its effect would be closely 
similar to an increase in interface friction. Thus one would 
expect the effect to diminish with increasing forging speed. The 
relatively heavy oxide coatings on the specimens used by Male 
and Cockcroft and Jain and Bramley probably markedly reduce 
surface chilling and this is the reason why no pronounced speed 
effect was observed by them. 

The conclusions drawn by Wallace and Schey from their ex
perimental work designed to check chilling effects by use of 
different size ring specimens aie, I believe, misplaced in this in
stance. Chilling of a workpiece surface should be independent 
of the workpiece volume and this is probably the reason why 
Wallace and Schey obtained no effect in their experiment. I 
would expect only the average bulk chilling to be influenced 
by I he workpiece shape and volume to a degree dependent upon 
the contact time between the workpiece and the dies. 

Results presented by the authors for lubrication with aquadag 
also tend to support, the previously made point about there 
being a lack of speed effect under dry lubricant, conditions. The 
results shown in Figure 6 for aquadag lubrication fall into two 
groups and the upper group compares exactly with the lower 
speed results given in Pig. 4 and 5. They also compare with 
the results given in Pig. 7 for specimens having minimum scale. 
1 f was stated that t.he two groups of results given in Pig. 6 were 
obtained at two different times and a possible explanation for 
the occurrence of the low group is that, insufficient, time may 
have been allowed for the aquadag to completely dry out. The 

friction then would be somewhat dependent upon the carrying 
fluid (water). This hydrodynamic effect has been amply dem
onstrated by the current authors as well as by a number of 
other workers [16, 20). 

The reported work has been critically carried out and I think 
that the authors are to be congratulated for their accomplish
ments in further increasing our understanding of the effect of 
process variables upon the behavior of lubricants during the hot 
forging of steel. 
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Authors' Closure 
We are grateful for the comments made by Dr. Male; he has 

raised a number of questions that were indeed a matter of con
cern to us while conducting the experimental work. Regarding 
his concern of lubricant breakdown, we had no evidence of this 
except in the development of a peripheral boundary contact 
zone with the liquid lubricants. Since these lubricants were not 
attractive for a number of other reasons, no detailed evaluation 
of this phenomenon was made in the present work. 

We could not agree more about the importance of oxidation. 
We would be inclined, however, to expect a basically different 
shear yield strength in oxide films of different thickness and com
position, and this could then well explain the varying results 
observed by a different investigator. All too little is known 
about the properties of oxide films generated under varying cir
cumstances, therefore, we would be hesitant to attribute the ob
served speed effect in its entirety to differences in heat transfer 
between workpiece and anvil. We also believe that while chill
ing of the workpiece surface is primarily a matter of heat transfer, 
it must also be influenced by the magnitude of the heat reservoir 
available in the form of the heat content of the workpiece. 
Therefore the size of the workpiece is a matter of some impor
tance. To resolve this problem, it would be certainly desirable 
to see experimental results on true interface temperature as a 
function of die and workpiece mass and material, and of oxide 
film thickness and composition. 
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