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Abstract

In different manufacturing sectors, specifically in metal forming processes,
friction plays a vital role in achieving better quality products, maintaining good
die life and consuming lesser energy etcetera. Friction in metal forming process
depends on various factors like relative velocity, local temperature, contact
pressure, contact surface topography, surface contaminations, oxidations and so
on. The friction phenomenon is widely investigated since the eighteenth century;
still, there areno established techniques to evaluate it by addressing all the factors.
For quantitative estimation of load in forming industries through numerical and
analytical solutions, the constant shear friction model has been widely utilized.
This review article summarizes some of the widely used techniques to evaluate
tool-workpiece interface friction. Ring compression test, uniaxial cylinder
compression test, T-shape compression test, the combination of extrusion friction
test, and double-backward extrusion test methodologies are discussed here. The
initial two methodologies suit low deformation condition processes whereas
others arepreferred for techniques inducing huge deformation.

Keywords

Friction testing methodology, Ring compression test, T-shape compression
test, Extrusion friction test

Introduction

Almost in every metal forming process, high-pressure sliding between the
work material and tool takes place. The resistance for the relative motion under
a normal load is recognized as friction, which plays a vital role and is mostly
unfavorable in nature [1]. Friction influences the process in many ways like
material flow characteristics, surface layer deformation of both tool and workpiece,
net energy required to accomplish the process, heat generation, tool life, etc. [2].
Many research works were conducted to minimize the adverse effects of friction
by utilizing and improvising the performance of lubrication. At the same time,
the effect of variable parameters that influence friction was closely monitored
and controlled incisively for its lesser impact [3]. Friction depends on many
factors like contact pressure, interface temperature, surface roughness [4], surface
contaminations, relative sliding velocity, etc., hence, is not an independent entity
so cannot be measured directly [5]. Various methodologies had been suggested
by several researchers to study, estimate, and evaluate the frictional conditions.
Some of the widely used techniques for evaluating friction conditions are upset
test, ring-compression test, T-shape compression test, double- cup extrusion test
and the rest.

'The frictional force is a tangential one and occurs at the contact interface
between two bodies which always oppose the relative motion. The maximum fric-
tional force that is exerted on one body by another at the interface depends on
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many factors such as thermo-mechanical behaviour, chemical
behaviour, contact surface characteristics and applied load etc.
The dependable of friction [6] are represented in a fishbone
diagram in figure 1. The factors presented in the diagram are
more prominent for the micro forming operations.

The phenomenon of friction is of great importance in
metal forming operations because of several reasons. It in-
fluences the maximum load hence total energy consump-
tion, subsurface deformation hence surface quality, wear of
the dies and die life as well, etc. Though it is an entrapping
phenomenon and not openly visible, complete understanding
and evaluating friction is very difficult. Different models have
been proposed by different researchers to estimate and analyze
the process. Bowden and Tabor proposed a theory known as
adhesive theory of friction which emphasizes the real contact
area between two contact surfaces. At high pressures, the con-
tact asperities deform and form the adhesive bonding with the
counter contact point. The tangential force required to brake/
shear off the bonds is considered as friction force [7].
Amontons [8] conducted many experiments to observe the
behavior of friction and concluded with three laws on dry fric-
tion. As per the claim, frictional stress is independent of con-
tact area and sliding velocity, but it directly depends on contact
pressure and surface irregularity. The investigation was further
developed by Charles-Augustin de Coulomb. Coulomb [9]
proposed the model between two sliding contact bodies and
it remained most suitable under low contact pressure condi-
tions. The model is appropriate where the mean contact pres-
sure (0 ) is less than the flow stress (o) of the softer body. In
different metal forming operations such as extrusion, closed
die forging, etc., where 6 >> o, the model overestimates the
friction value. For such cases, a constant shear stress friction
model was proposed and known as the Tresca friction model
[10]. The model remained popular due to its simplicity, but it
fails to perform at low contact pressure conditions. Wanheim
and Bay [11, 12] proposed a rounded transition between both
Coulomb and Tresca’s friction model. This non-linear refined
model describes the friction conditions more incisively than
either of the two aforesaid models. The comparative diagram
of different friction models is presented in figure 2a. The im-
pact of normal pressure on the variation of apparent and actual
contact area at higher loading conditions is evident in figure
2b and 2c.
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Figure 1: Dependables of friction in micro forming [8].
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Figure 2: (a) Different friction models, (b) adhesion friction model for
low pressure, and (c) model for high normal pressure [13].

The selection of the friction model in metal forming anal-
ysis takes a fundamental role and affects the agreement of the
physical behavior with the numerical modelling. Though the
relative sliding between the tool and workpiece takes place
under high contact pressure and maybe at high temperatures,
it is very difficult to quantify friction. In this review article
different existing friction testing techniques, those commonly
utilized for estimating a constant friction value in the metal
forming industries are discussed.

Ring Compression Test

In 1956, Kunogi introduced the ring compression test,
which is the most commonly used method for determining
friction in metal forming industries [13]. In 1963, the process
was further developed by Male and Cockcroft [14] for the ef-
fective and efficient evaluation of constant friction shear factor
‘m’ or coeflicient of friction ‘W. For the test, a flat ring (speci-
men) is to be compressed axially between two flat parallel tool
plates. The variation of the inner diameter of the ring after
compression depends on the friction value. Usually, the dimen-
sion proportions of the ring follow ODO0:ID0:HO = 6:3:4 or
6:3:2 or 6:3:1. At zero friction conditions or very low friction
conditions, the material flows outward radially as if it were a
solid element and both inside and outside diameter of the ring
increases. When the value of friction exceeds a critical one,
the material near the inner periphery flows inwards and the
material near the outer periphery flows outward. Both contrac-
tion and enlargement of diameters take place. The schematic
presentation for low friction or good lubrication condition
and poor lubrication condition is presented in figure 3. Con-
sidering the value of ‘m’ or ‘i’ constant over the interface and
homogeneous deformation or zero barreling effect, some an-
alytical works were carried out. Based on the analytical equa-
tions the relationship between axial reduction of the height
and change of inside diameter was established. The theoretical
curves for the variation of internal diameter with height re-
duction at different friction values are presented in figure 4.
This kind of friction calibration curve (FCC) can be utilized
to relate the experimental results to quantify the friction value
approximately, by ring compression test. The value of m = 1 (p
=0.577) is of course a sticking friction condition where there is
no relative sliding between interfaces and m = p = 0 is no fric-
tion condition. Much experimental research works along with
finite element analysis were conducted to extract new conclu-
sions on the ring compression test [13, 15, 16].
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Figure 3: Ring geometry (a) before upsetting, (b) after upsetting-good
lubrication, and (c) after upsetting poor lubrication [28].
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Figure 4: Typical friction calibration curves for the evaluation of friction

Lfactors [20]. )

To study the deformation behavior, numerical simulations
were conducted by researchers considering a few major
variables like different friction and lubrication conditions,
compression rate, operating temperatures, etc. It was observed
that the effect of temperature on interface friction and load
stroke behaviour is more prominent than other variables.
However frictional changes minutely hamper the load stroke
behaviour.

Uniaxial Cylinder Compression Test

Uniaxial compression of a cylindrical specimen is the
simplest and most practical technique to investigate the
thermo-mechanical behaviour and microstructural evolution
in plastic deformation processes [17, 18]. A constant friction
factor at tool-workpiece interface can be quantified from the
non-uniform deformation i.e., bulging effect of the specimen
[19]. After thorough experimentation, many researchers
claimed that the bulge profile is friction sensitive. The slope of
the bulge profile at the contact interface is the most sensitive

E

)

LFigure 6: Deformed cylinder geometry [29].

J

which couldbeabetter estimator of friction. A bulge parameter,
(ratio of diameter at top or bottom to the maximum diameter at
the center after compression) was set for a specimen of aspect
ratio (h/d) 1.5 at fixed operating conditions of the experiment.
The parameter was plotted with friction values and set as a
calibration curve by Sivaprasad et al. [20] as presented in figure
5. Different geometrical parameters such as rm, rc [21], rt as
shown in figure 6 were mostly utilized for the calibration and
estimation of friction. Different calibration curves have been
plotted by many researchers considering different geometrical
variables with different methods.

T-Shape Compression Test

After the compression, the cross-section of the cylindrical
specimen changes to “T- shape’, hence named as T-shape
compression test [22]. A punch and a V-grooved die setup are
required for compressing the cylindrical billet. The isometric
line diagram of the setup and the front cross-sectional line
diagram of the billet after compression (partially upset and
partially extrudate) are presented in figure 7. Two distinct
metal flows are extrusion at the groove and compression along
the flat face. Both positive and negative principal strains are
induced during the operation. The friction force at the wall of
the groove as presented in figure 7b in an upward incline
arrow opposes the extrusion and the height of the extrusion
is influenced by frictional opposition. Both forming load and
shape of the specimen after forming are very much friction
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Figure 7: (a) isometric line diagram of the setup and (b) front cross- sec-
tional line diagram of the billet after compression [24].
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sensitive. Calibration curves by considering the ratio of the
height of extrudate to the original diameter of billet and load
are plotted by Fereshteh-Saniee et al. [23] at different strain
rates and at different temperatures. A similar kind of finite
element analysis was conducted by Zhang et al. [24] and the
calibration curve for different die corner radius is presented
in figure 8. At the decreased corner radius, it was observed
the slope of load-stroke curve decreased and the height of the
extruded part increased. Hence smaller corner radius die was
suggested for the test [24]. However, a decrease in friction
sensitivity and an increase in the slope of the load curve occur
with the increase in die V-groove angle. Therefore, a smaller
V-groove angled die is always suggested for the test. This
simplified process has a lot of scope to investigate more and
to form several calibration curves for its better establishment.

Double Cup Extrusion Test

In industrial metal forming operations, where deformation
is severe, the contact pressure is very high, material flow
conditions are drastic, ring compression tests and uniaxial
cylinder compression tests fail to reflect the real picture of
boundary deformation as well as friction [25]. Again, the
deviation is severe in the micro-manufacturing process.
To estimate and evaluate friction, at huge deformation
conditions, some new methods have been developed in the
previous few decades. In the 1990s, extrusion friction tests
were proposed and thereafter, few modifications were done
with the die setups. A few tests like the double cup extrusion
(DCE) test, strip drawing test, upsetting sliding test, T-shape
compression test, and injection-upsetting were predominantly
used for evaluating friction. Figure 9 shows different friction
tests belonging to the extrusion group. To get better friction
sensitivity flow, researchers tailored the existing extrusion
die setup minutely and experimented. In the case of DCE,
movement is provided to only upper punch while the bottom
punch and die remain stationary. Hence the flow of metals
remains different at respective zones which reflects the
sensitivity of frictional effect. The ratio of cup heights H /H,
(H, = upper cup height, H, = lower cup height) vary at different
friction conditions. Through simulations in DEFORM-2D
the expression at different friction conditions were plotted
against stroke at different friction conditions by Molaei et
al. [26]. In the research, they also established the relationship
between constant friction factor (m) and coeflicient of friction
(p). forward conical/straight can—backward straight can
extrusion [25].

In the case of combined forward and backward extrusion
process shown in figure 10, at the backward side a can is
produced and at forwarding side, a rod is produced [25].
The lengths of forward and backward extrudates are friction
sensitive. The ratios of lengths determine the friction factor.
At higher friction conditions the length of extrudate will be
smaller compared to low friction conditions. Considering
different designs of dies, at different friction and temperature
conditions, several finite element simulations were conducted
by different researchers. From the results considering the
length of the extrudate, calibration curves are set to evaluate the

Upper punch
(moving)

Container

(stationary) Bottom punch

(stationary)

(a)

(b)

straight can—backward straight can extrusion [25].

Conical die

Figure 9: The design of (a) double cup backward extrusion, (b) combined forward rod-backward can extrusion, and (c) combinedforward conical/

Workpiece
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Figure 10: Schematic cross-sectional initial and final layout of combined
forward and backward extrusion [8].
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Figure 11: Schematic cross-sectional view of double-backward extrusion
method.

experimental friction value [27]. Different process parameters
like extrusion ratio, extrusion velocity, corner radius of the
punch, temperature, and surface roughness of the die setup can
be utilized /altered for better investigation.

Double-Backward Extrusion Test

A new method, proposed by Kang et al. [27] where a
cylindrical billet is backward extruded by a punch having a
central hole. Billet material flows in two directions as shown
in figure 11. The material flow at the central zone is friction
dependent. At high friction conditions, a greater amount of
material flows through the central hole in punch. The height
of the central zone of the specimen after deformation may be
calibrated for friction estimation. For determining friction
coefficient FCCs need to be obtained by different finite
element simulations. Very few works were reported on this test
methodology, hence the scope is there for further investigation.

Summary

Friction is a phenomenon that needed to be investigated
and understood very crucially because of its unfavorable role in
most of the metal-forming operations. Energy consumption,
die life, product quality etc. are directly influenced by the phe-
nomenon. Even for analytical, numerical and simulation work,
the knowledge of friction is quite essential. For the quantifica-
tion of friction value in metal forming process, several meth-
ods were invented and investigated. Out of the many methods,
some of the most utilized methods like, the ring compression

test, uniaxial cylinder compression test, T-shape compression
test, double cup extrusion test and double-backward extrusion
test were discussed in this article. For lower deformation con-
ditions ring compression and uniaxial cylindrical compression
test remain suitable but for severe deformation conditions,
other tests give better estimation and real comparisons. Still,
the real estimation and real picturization of friction are not
understood properly. None of the tests can study theeffect of
surface chemistry and oxide films at the interface. A lot of
scope to research and reveal the real phenomenon as well as to
explore newly introduced methodologies.
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