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Although friction has been studied for many years and the mechanisms that give rise to it are quite well-understood (1-8)
it is not possible to predict its magnitude for any given pair of materials under specified conditions (9), though there have
been a few recent attempts at doing so (10-12). To put it another way, constitutive equations have not yet been
developed which describe friction and this is a major hindrance to the numerical modelling of contact problems (13).
The main problems are that the surfaces of two materials in contact (i) have different mechanical properties to the bulk
due to surface oxide layers, absorbed dirt or lubricants, (ii) are rough, and (iii) change with time during the deformation
(14), even melting if the sliding speed is high enough (15, 16).
Most studies of friction have been concerned with sliding, but there is also a considerable literature on its effects in ‘upset
forging’ e.g. (17-20) due to the importance of this technique in the forming of materials into desired shapes (21). Friction
in this geometry has two major effects: (i) it generates a shear stress at the specimen/anvil interface and so changes the
state of stress in the specimen from uniaxial to triaxial (22). This in turn causes the measured stress to be higher than the
true yield stress of the material (23); (ii) the specimen does not preserve its original geometry but ‘barrels’ (22) If such a
specimen is cross-sectioned after deformation, it often shows an ‘X’-shaped pattern of intense shear due to frictional
locking of the surface producing truncated cones of non-deforming material which slide over the unconstrained material
at the sides (22). If the strain rates are high enough, substantial local temperature rises may occur in these shear zones,
known as ‘heat crosses’ (24)or, more generally, ‘adiabatic shear bands’ (25). Friction can also lead to cracking of the
specimen e.g. (26).
The standard test for measuring friction in the upset forging geometry is to deform an annulus of the test material (27). If
the ratio of the inner to outer diameter remains constant then the lubrication conditions are perfect (zero friction).
However, this has only been achieved for low strength materials such as polymers (28) and even then the lubrication is
found to break down after a certain strain is exceeded (29). No combination of surface preparation and lubrication
system has been found which reduces friction to zero for metals in this geometry (30), though it can be reduced to low
values (3-4% of the shear yield strength at high rates of deformation (19)).
The standard ring test involves deforming the annulus to a certain strain, removing it from the apparatus and measuring
the change in the radius of the hole and the change in thickness of the specimen. This measurement is then compared
with a set of theoretical curves to read off a value for the friction e.g. (31, 32). There are several assumptions made in
this procedure: (i) the specimen dimensions do not change between the time the deformation stopped and the
measurement was made (this is probably reasonable for metals but certainly not for polymers (29)). (ii) The friction
remains constant during the deformation (this is probably reasonable for small strains but not for large plastic
deformation as ‘foldover’ occurs in which material from the sides ends up on the top surface (33). Also the lubricant can
be squeezed out during the deformation). (iii) The theory is true. These assumptions can be and are being checked using
high-speed photography (34)
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