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a b s t r a c t

The quantification of friction by means of simple models such as Amonton–Coulomb’s and the law of

constant friction is questionable because the influence of surface roughness and material strength, among

other factors, is not considered.

This paper provides a comprehensive analysis on the influence of surface roughness and material

strength in friction and proposes a new operator based on a sigmoid function to incorporate the combined

influence of both phenomena in a modified version of the Amonton–Coulomb’s law.

The presentation is supported by thoroughly researched quantitative data obtained from experi-

mentation and finite element modelling of the ring compression test.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Friction plays an important role in metal forming because of the
relative motion and pressure prevailing at the contact interface
between tools and workpieces. It influences the pressure on the
tools, the forces and energy required for deformation, the inho-
mogeneity of deformation, the temperature generated in the
process and the overall wear and life of the tools.

The utilization of tribology tests for studying and evaluating
friction is essential to estimate the local tool stresses accurately in
order to prevent inappropriate tool design, to optimize the form-
ability of the work material and to ensure the desired quality of the
finished formed parts. A great number of tests have been suggested
in the literature for modelling the tribological conditions at the
tool–workpiece interface [1] but the determination of friction is
rather complicated, since it depends on the contact pressure, area
expansion, relative sliding velocity and interface temperature,
among other factors [2].

Broadly, tribology tests may be organized in two different
categories: process tests and simulative tests [3]. Process tests
are defined as tests applying typical metal forming operations
without changing the basic process kinematics (e.g. upsetting,
cigar, ring compression and double cup extrusion tests, among
others). Simulative tests are defined as tests for modelling the
tribological conditions in metal forming with the attempt to study
friction in a specially controlled way (e.g. pin-on-disc, compression

twist, strip reduction and indenter sliding tests, among others).
These tests are often characterized by substantial deviations in
process kinematics from the real forming processes.

One of the most commonly utilized tests for evaluating friction
in metal forming is the ring compression test. The test was
developed to provide a measurement of the interface friction
between a flat ring specimen and two parallel compression platens.
When the specimen is compressed, it expands radially outward and
the change in dimensions depends on the amount in compression
in the thickness direction and the frictional conditions at the ring–
platen interfaces. If friction at the interfaces is small, both the inner
and the outer diameter expand but, because friction resists
expansion, the inner diameter expands less as friction increases
and becomes actually smaller than the original diameter at higher
values of friction (Fig. 1). Evaluation of friction is performed by
measuring the change in the specimen’s internal diameter with the
reduction in height during deformation, as will be seen later in the
article.

The historical review of research on the ring compression test
can be organized in three different periods. The first period (1954–
1970) draws from the pioneer experimental studies by Kunogi [4]
and Male and Cockcroft [5] to the early mathematical modelling by
Kudo [6,7], Hawkyard and Johnson [8] and Avitzur [9]. In this period
most attention was given to the development of theoretical models
based on the slab and upper bound methods for predicting the
position of the neutral surface, which divides the regions of radial
inward and outward material flow and for generating the friction
calibration curves.

The second period (1970–1990) reviewed previous modelling of
the ring compression test in order to understand their assumptions
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and limitations and was focused on the development of innovative
numerical simulation procedures aimed at narrowing down the
discrepancy between theoretical estimates and experimental
results. The utilization of finite element analysis helped researchers
to understand the influence of different operative parameters such
as strain hardening, strain rate, temperature and lubrication and to
generate the corresponding friction calibration curves. Some of the
most significant contributions to knowledge in this period are
systematized in the state-of-the-art review paper by Rao and
Sivaram [10].

The third period (1990–until now) has been driven by several
research objectives: (i) consolidation of existing knowledge by means
of combined experimental and finite element modelling in an effort to
generate friction calibration curves, for different friction models, in
conditions similar to those prevailing in actual ring compression tests
[11,12]; (ii) development of new complementary geometries of
the ring compression test in order to allow the characterization of
friction under low and high normal pressure conditions [13] and
(iii) enhancement of friction mechanics by taking into consideration
the influence of surface topography and roughness in friction
resistance [14–16].

In what concerns the influence of surface roughness in friction,
which will be a key subject of this paper, the above mentioned
investigations have mainly focused on the influence of surface
morphology of the ring test specimens on the resulting coefficient
of friction. Although results commonly show influence of surface
morphology on friction resistance, the acquired experimental data
also seems to be influenced by lubrication and by changes in
surface topography and roughness due to flattening of the surface
asperities of the ring test specimens caused by the upset compres-
sion tool. For instance, the small variation of the coefficient of
friction for different types of surface preparation of the ring test
specimens that was observed by Hu and Dean [14] may be
attributed to surfaces that are smoothing out by the upset
compression tool. Similarly, the work performed by Sahin et al.
[16] showed that different types of surface preparation of the ring
test specimens lead to different values of friction at low
compression ratios but to identical values at high compression
ratios. Again, this may be attributed to flattening of the surface
asperities of the ring test specimens by the upset compression tool,
which is made from a high strength and harder material.

In what concerns friction mechanics, the work of Oden and Pires
[17] and Mahrenholtz et al. [15] present details on the development
and application of a non-linear, non-local friction law for modelling

the influence of surface roughness on the coefficient of friction but
suggests the need to perform experiments to further develop and
validate the models. This conclusion is in line with Sahin et al. [16]
who claimed the need to properly quantify the influence of surface
roughness in order to develop a better understanding on the
mechanics of friction.

One of the most common critical mistakes in metal forming is to
perform the evaluation of the coefficient of friction by means of ring
compression tests that are carried out with platens that have surface
roughness significantly different from that of real forming tools. Under
these circumstances, the main objective of this paper is to analyse the
influence of surface roughness and material strength in the mechanics
of friction in order to increase the effectiveness and transparent
utilization of the ring compression test for the independent determi-
nation of the coefficient of friction in forming applications. Contrary to
previous references in the field [14–16] where researchers focused
their investigations in the surface roughness of the ring test
specimens, this paper lays the emphasis in evaluating the influence
of the differences in material strength of the tribo-pairs (tool-ring test
specimens) and surface roughness of the tool on the resulting
coefficient of friction.

The aforementioned strategy results from the fact that the upset
compression tool is always made from a high strength and harder
material than that of the ring test specimens and, therefore, is much
less susceptible to changes in surface topography and roughness
due to flattening of the asperities.

This paper is aimed to provide a comprehensive analysis on the
influence of surface roughness and material strength in friction
with the objective of allowing readers to recognize the pitfalls of
existing models, to identify possible error sources in transposing
data from ring compression tests to real forming tools and to
understand the route for enhancing the quality of frictional
estimates given by finite elements.

A friction operator based on a logistic sigmoid function is proposed
to incorporate the combined influence of surface roughness and
material strength in a modified version of the Amonton–Coulomb
law. Several aspects of modelling and computer implementation are
discussed with the objective of diminishing the gap being formed
between developers and users of finite elements and experimentalists
with know-how on friction calibration tests and metal forming
technology.

The investigation is supported by thoroughly researched quan-
titative data obtained from experimentation with ring compression
test in various tribo-pairs having different surface roughness across
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Fig. 1. Schematic representation of the kinematics of the ring compression test. If friction is small, both the inner and outer diameters increase as the specimen is compressed,

whereas, if friction is high the inner diameter decreases.
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a useful range of process conditions. The overall presentation is
expected to contribute to the increase of knowledge in the field.

2. Experimentation

This section begins by presenting information on the material
behaviour of ring test specimens, follows by describing the
apparatus that was utilized in the experiments and concludes
with a presentation of the workplan that was designed for
analysing the influence of material strength and surface roughness
in the coefficient of friction.

2.1. Equipment, materials and procedure

The ring compression tests were carried out between parallel
platens at room temperature on a 1200 kN universal testing
machine with a cross-head speed equal to 100 mm/min (1.7 mm/s).

The ring test specimens were made from technically pure lead
(99.9%) and the dimensions utilized in the study were 24, 12 and
8 mm (ratio 6:3:2) in outside diameter, inside diameter and height,
respectively. The end faces of the rings were prepared in order to
guarantee an initial average surface roughness Ra¼0.1 mm on the
upper and lower surfaces of the rings throughout the experiments.

The mechanical behaviour of technically pure lead is given by
the following stress–strain/strain–rate relationship obtained by
means of compression tests performed on cylindrical specimens,

s¼ 19:2 _e0:042
�12:0 _e0:052expð0:68_e�7:34Þe ð1Þ

The almost complete absence of strain hardening shown in Fig. 2
makes the mechanical behaviour of the ring test material close to
ideal rigid-plastic and justifies the reason why technically pure lead
makes possible to simulate at room temperature and at low strain-
rates the material flow behaviour of conventional steels at the usual
forming temperatures [18].

The compression platens were manufactured from three dif-
ferent materials: PVC (Polyvinylchloride), PC (Polycarbonate) and
AISI 316L Stainless Steel in order to evaluate quantitatively the
influence of the differences in mechanical strength of the tribo-
pairs (lead–PVC, lead–PC and lead-AISI 316L) on the coefficient of
friction. The desired texture and roughness of the surfaces of the
compression platens were produced and regenerated after com-
pletion of each test by means of a grinding and polishing procedure
that is schematically shown in Fig. 3. The procedure combines the
utilization of sand paper or polishing cloths with the rotation of the

compression platen in order to ensure predominant radial patterns
and average values of surface roughness (Ra) in the range 0.04–
0.65 mm (Fig. 3b). These values were measured by a roughness
tester along the radial direction of the platens.

The ring test specimens were centred between the platens and
compression was performed to a pre-determined height reduction
(Fig. 4). Inner diameters and heights of the specimens were measured
and recorded before and after the tests. The final values of these
quantities were determined as the average of three measurements of
internal diameter and height utilising a digital caliper.

In case of the platens made from PVC and PC, the maximum
applied pressure during the ring compression of lead was found to
be close to the yield strength of the polymers (Table 1). This
influences the mechanical response of the platens and material
flow during the ring compression test.

As a result of this, some experiments were performed with a
modified tool design that inserts the compression platens in a
shrink ring to provide reinforcement. The resulting tool set-up pre-
stresses the platens and ensures a firm external support that
prevents its radial deformation under loading. The interference
between the ring and platen is controlled by means of a conical
press fit (angle of inclination equal to 51) that incorporates
tightening screws to limit and control the overall level of press-
fitting (Fig. 4). However, in order to understand the influence of the
aforementioned reinforcement additional ring tests were
performed in PVC compression platens without press-fitting.

2.2. Experimental workplan

Table 2 presents the experimental workplan for the ring
compression tests. The experiments were designed in order to
isolate the influence of process parameters that were considered
more relevant for the overall investigation on frictional behaviour:
(i) surface roughness of the tools and (ii) differences in material
strength of the tribo-pairs.

The surfaces of the compression platens and specimens were
degreased at the beginning of each test in order to ensure clean
surface conditions in all the cases. No lubricants were utilized.

The elimination of lubrication (dry conditions), temperature and
strain hardening from the experimental workplan was crucial for
reducing the number of parameters that influence friction. The same
applies to the cross-head speed of the universal testing machine that
was kept constant and equal to 100 mm/min (1.7 m/s) for all testing
conditions. Otherwise, the number of possible combinations of
variables would become quite large.

The experiments were done in a random order and at least two
replicates were produced for each test condition in order to provide
statistical meaning. Having completed the experiments, the speci-
mens were sawn along the centre axis, ground and polished in
order to determine its external profile. A scanner, under a resolu-
tion of 800 dpi (dots per inch) was utilized.

3. Friction model

The ring compression tests were simulated by means of the
in-house computer program I-form2 that has been extensively
validated against experimental measurements of metal forming
processes since the end of the 1980s [19]. The program is based on
the irreducible finite element flow formulation, which is built upon
the following variational statement:

P¼
Z

V
s_e dVþ1

2K

Z
V

_e2
vdV�

Z
ST

TiuidS ð2Þ

where K is a large positive constant enforcing the incompressibility
constraint and V is the control volume limited by the surfaces SU
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Fig. 2. True stress–strain curves of technically pure lead (99.9%) obtained for

different strain rates.
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and ST, where velocity and traction are prescribed, respectively. The
role of friction is added in Eq. (2) by some of the most commonly
applied friction laws [20–22]

Amonton�Coulomb’s law ½20� : tf ¼ m p

Prandtl’s law ½21� : tf ¼mk

General friction law ½22� : tf ¼ f ak ð3Þ

where tf is the friction shear stress at the contact interface between
material and tooling, m the coefficient of friction, p the normal
pressure, k the shear flow stress, m the constant friction factor, f the
friction factor expressing the friction in the real contact (0r f r1),
and a the ratio of the real to the apparent contact area. Assuming
friction to be a traction boundary condition, the extra power
consumption term Pf due to friction can be expressed as

Pf ¼

Z
Sf

Z 9ur9

0
tf dur

 !
dS ð4Þ

where ur is the relative velocity between material and tool.

Considering the Amonton–Coulomb’s friction law, which will be
utilized throughout the investigation, the sense of the friction shear
stress is opposed to the relative velocity ur according to (refer to
Figs. 5a and b),

tf ¼�mp
ur

9ur9
ð5Þ

In order to avoid numerical difficulties in the finite element
implementation of Eq. (5) due to abrupt changes in the friction
shear stress at the neutral point, Chen and Kobayashi [23] proposed
an alternative expression that substitutes the step function by an
arc tangent as close to the step as desired

tf ¼�mp
2

p
arctg

9ur9
u0

� �� �
ur

9ur9
ð6Þ

the symbol u0 denotes an arbitrary constant much smaller than the
relative velocity ur and Eq. (6) is schematically depicted in Fig. 5c in
order to show the smooth transition of the friction shear stress at
the neutral point. The substitution of the step function by an arc

Fig. 3. Compression platens utilized in the ring tests. (a) Schematic representation of the procedure utilized for grinding and polishing the compression platens. (b) Picture

showing compression platens of PVC, PC and AISI 316L prepared with different values of average surface roughness (Ra).
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tangent is commonly used in the implementation of friction models
in commercial finite element computer programs.

The proposed modification of the Amonton–Coulomb friction
model is consistent with the fact that real interfaces are not
perfectly smooth because the contact surfaces of the tribo-pairs
(tool–workpiece) have regular roughness features. The peaks in
surface profiles (also known as asperities) interact with each other
in the course of sliding under pressure and contribute to the overall
frictional force. Because the amount of interaction between contact
surfaces is greatly influenced by plastic deformation and ploughing
of asperities into each other, it is expected that besides surface
roughness also material strength of the tribo-pairs will influence
the coefficient of friction.

The proposed strategy to incorporate the combined influence of
material strength and surface roughness in the Amonton–
Coulomb’s model (6) is throughout the use of a friction operator
f pictured in Fig. 5d and defined as follows:

f Ra,
sw

Y

st
Y

� �
¼ madhþ

mmax�madh

1þexp�ðK1log10 RaþK2Þ
ð7Þ

where the symbol Ra denotes the surface roughness of the harder
material (usually the tool), sw

Y is the yield stress of the workpiece
and st

Y is the yield stress of the tool.
The friction operator f is expressed by means of a logistic curve

(commonly known as a sigmoid curve), with parameters K1 and K2

to be determined from experimentation and subjected to
the following boundary conditions: (i) f¼ madh, for adhesive
bonding conditions under very low Ra and (ii) f¼ mmax, for a
strong interaction between the asperities that may lead to micro-
cutting in the asperity level when Ra is very high.

Although the influence of material strength does not appears
explicitly on the right-hand side of Eq. (7) the values of
madh, mmax, K1 and K2, which need to be experimentally deter-
mined for each tribo-pair, will depend on the relative strength
between the materials.

Shrink ring

h0 hi

Support block

PC compression
platen

Compression platen

Support block

d0 di Specimen
Shrink ring

Fig. 4. Reinforcement of the polymer compression platens for the ring tests. (a) Support block and shrink ring. (b) Upper and lower PC compression platens mounted on the

shrink-fit set-up. (c) Schematic representation of the shrink-fit set-up of the lower compression platen.

Table 1
Materials of the ring test specimens and compression platens.

Material Tensile yield stress (MPa)

Ring Lead 10.0

Compression platen PVC 52.4

Compression platen PC 63.6

Compression platen AISI 316L 380.0
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Under these circumstances, the proposed modified version of
the Amonton–Coulomb friction law ready for implementation in
finite element computer programs is given as

tf ¼�fp
2

p arctg
9ur9
u0

� �� �
ur

9ur9
ð8Þ

In the above expression, surface roughness of the workpiece is
not taken into consideration because under normal values of
roughness its asperities will be flattened by the tool during
deformation.

The influence of temperature in friction is outside the scope of
this investigation and this is the reason why it will not going to be
discussed here. In fact, the aim of the paper is to investigate the
combined influence of material strength and surface roughness in
the coefficient of friction under cold forming conditions.

4. Results and discussion

This section is divided in two different parts. In the first part, a
relation is found between surface roughness and coefficient of
friction, for each tribo-pair listed in Table 2. In the second part, the
proposed modified version of the Amonton–Coulomb’s friction law is
utilized in the finite element analysis of the ring compression test.

4.1. Measurement of the coefficient of friction

The coefficient of friction at the contact interface between the
ring test specimens and the compression platens was determined
by relating the changes in inner diameter with reduction in height
during deformation. The procedure made use of calibration curves
that were prepared in advance using the in-house finite element
computer program i-form2 with the stress–strain/strain-rate rela-
tionship of technically pure lead (refer to Section 3 and Eq. (1)). The
calibration curves are plotted in Fig. 6 and show that low values of
friction give rise to an increase in the inner diameter of the
specimens during deformation whereas high values lead to a
decrease.

It is worth noticing that the compression platens were con-
sidered ‘flat and rigid’ during the generation of the friction
calibration curves by means of finite elements, as it is commonly
performed in metal forming. As will be seen, the proposed friction
operator f Eq. (7) will correct the classical estimates of friction,
based on ‘flat and rigid’ surfaces by means of a combined influence
of surface roughness and material strength in frictional restraint.

The influence of surface roughness and material strength in the
coefficient of friction was investigated by means of the experi-
mental workplan listed in Table 2. Two main conclusions could be
drawn from the results of these tests: (i) friction is sensitive to
changes in surface roughness and (ii) friction is sensitive to
differences in the material strength of the tribo-pairs.

The first conclusion is depicted in Fig. 6, where low values of
surface roughness are seen to reduce the coefficient of friction at
the contact interface of tribo-pairs, whereas, high values of surface
roughness cause the coefficient of friction to increase. In fact, when
the surface roughness is very small the sliding between the ring and
the platen is smooth and the basic source of friction (mffimadh) is
adhesively bonding at the junctions of the asperities. The friction
force resulting from the relative movement between the ring and
the platen should be roughly equal to the force that is needed for
shearing the junctions.

ur

τf

Neutral point

τf

τ f

μ

μ

μ

μ0

μ0

φ
K1

K2

w t

Ra

μa

Ra

Ra

μmax

φ = (Ra, σy, σy)

Fig. 5. Schematic representation of the friction shear stress at the vicinity of a

neutral point. (a) Relative velocity between material and tool. (b) Amonton–

Coulomb’s friction law expressed by means of equation (5). (c) Alternative

expression of the Amonton–Coulomb’s friction law that makes use of an arc tangent

instead of a step function (6). (d) Proposed modification of the Amonton–Coulomb’s

friction law by means of a friction operator that takes into account the influence of

surface roughness and material strength.

Table 2
The experimental workplan.

Case Tribo-pair Press fitting Surface roughness of the
compression platen Ra (lm)

1–5 Lead–PVC No 0.10, 0.20, 0.30, 0.40, 0.65

6–10 Lead–PVC Yes 0.10, 0.20, 0.30, 0.40, 0.65

11–15 Lead–PC Yes 0.10, 0.20, 0.30, 0.40, 0.65

16–20 Lead-AISI 316L No 0.04, 0.10, 0.20, 0.30, 0.40, 0.65

Note: The surface roughness of the upper and lower surfaces of the ring test specimens was kept equal to Ra¼0.1 mm for all cases.
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On the contrary, when the surface roughness of the platens is
large there is a more pronounced interaction between the aspe-
rities. The tips of the asperities on the compression platens
penetrate and plastically deform the surfaces of the ring test
specimens and in some cases, debris may be produced from
micro-cutting in the asperity level. The increase of ploughing
and the extra resistance to sliding caused by loose debris at the
interface raises the overall friction force. As a consequence, the
coefficient of friction for rough surface testing conditions is larger
than for smooth conditions.

Fig. 7 summarizes the variation of the coefficient of friction with
surface roughness obtained from the experimental measurements
and calibration curves that are plotted in Fig. 6. The observation of
Fig. 7 allows the identification of three different regions: (i) a
leftmost region where the coefficient of friction is constant and
takes the smallest value among all the test cases (basic source of
friction in this region is adhesion), (ii) a rightmost region where the

coefficient of friction is constant and reaches the largest value
among all the test cases and (iii) a region in between where the
coefficient of friction progressively grows from the smallest to the
largest measured values.

The region placed in between the leftmost and rightmost
sections of the graph is very much influenced by the differences
in material strength of the tribo-pairs. Its length is slightly wider in
case of lead-AISI 316L tribo-pair and narrower in case of lead–PVC
and put forth the aforementioned second conclusion of this
investigation. In fact, Fig. 6a–d indicates that the coefficient of
friction can be very high and nearly insensitive to surface roughness
when tribo-pairs are built upon materials having similar strengths
and can vary significantly with surface roughness when materials
have very different strengths (as commonly found in metal forming
processes). This is because the more similar the materials, the
greater is the plastic deformation and the interaction between the
asperities of the compression platens and ring test specimens.
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Fig. 6. Experimental results and friction calibration curves obtained by finite elements for the ring compression tests listed in table 2. (a) lead–PVC tribo-pairs without shrink

ring. (b) lead–PVC tribo-pairs with shrink ring. (c) lead-PC tribo-pairs with shrink ring. (d) lead-AISI 316L tribo-pairs without shrink ring. Note: Ra is the average surface

roughness of the compression platen in ‘mm’ and the symbol ‘c.f.’ denotes coefficient of friction.
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In case of the lead-AISI 316L tribo-pair the friction operator f
that best fits experimental data is given by,

f¼ 0:21þ
0:367

1þexp�ð13 log10 Ra þ9Þ
ð9Þ

4.2. Modelling the ring compression test

One of the most common critical mistakes in metal forming is to
perform the evaluation of the coefficient of friction by means of ring
compression tests that are carried out with platens that have surface
roughness significantly different from that of real forming tools. In
what follows, finite element modelling of the ring compression test
using the proposed modified version of the Amonton–Coulomb
friction law (8) is utilized for assessing the influence of surface
roughness in the final geometry of the deformed test specimens.

Fig. 8 shows the computed distribution of vertical stress in the
cross section of ring test specimens made of technically pure lead
after 55% deformation caused by compression platens made from
AISI 316L. As seen, when surface roughness is increased from
Ra¼0 mm to Ra¼0.35 mm the amount of material flowing inwardly
increases causing the inner diameter of the specimens to decrease
substantially.

The states of stress for the two limiting cases in Fig. 8 (Ra¼0 mm
and Ra¼0.35 mm) are conceptually illustrated in Fig. 9 using Mohr’s
circle diagram. Three sets of circles representing stresses at the
inner diameter, neutral line and outer diameter are sketched for
each surface roughness condition of the tribo-pair. Results show
that the inner and outer diameters of the specimens are subjected
to uniaxial compression and tension, respectively, and that major
differences between the two limiting cases Ra¼0 mm and
Ra¼0.35 mm are only significant at the vicinity of the neutral
line where the tribo-pair with a rougher surface experiences higher
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Fig. 7. Coefficient of friction as a function of average surface roughness for different types of compression platens. The best fit for the experimental data of tribo-pairs was

obtained by means of a friction operator f given by the sigmoid curve of equation (7).

Fig. 8. Computed distribution of vertical stress in a cross section of the ring compression test specimens. Simulations made use of the proposed modified version of the

Amonton–Coulomb’s friction law and were performed for lead-AISI 316L tribo–pairs under various surface roughness conditions: (a) Ra¼0 mm, (b)Ra¼0.15 mm,

(c) Ra¼0.20 mm, (d) Ra¼0.35 mm. Note: each picture represents half cross section of a ring compression test specimen.
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levels of compression. This is because roughness significantly
increases the coefficient of friction.

Thus, taking into account all above mentioned, it is possible to
conclude that utilization of the classic Amonton–Coulomb’s law
gives occasion for an overestimation or underestimation of the
frictional stresses at the tool–workpiece contact interface because
the coefficient of friction in the model does not depend on the current
surface roughness of the tool, but simply on a material property.

The effectiveness of the proposed modification of the Amonton–
Coulomb’s law in taking into account surface roughness and
material strength by means of the friction operator f (refer to
Section 3) is shown in Fig. 10. As seen, the correlation between
numerical (plotted as a thick solid line) and experimental cross
sectional profiles for a ring test specimen of technically pure lead
after 55% deformation caused by compression platens made from
AISI 316L having Ra¼0.65 mm is excellent.

For the sake of comparison, the numerical estimate of the cross
sectional profile obtained for a limiting condition of Ra¼10 mm is
also included in Fig. 10 (refer to the thin solid line) in order to
emphasize the errors in material flow behaviour that may arise
from calibrating the coefficient of friction with compression
platens that have surface roughness significantly different from
that of real forming tools.

5. Conclusions

In the past decades commercial finite element programs for the
numerical simulation of metal forming processes increased in
sophistication and computational efficiency but its robustness
remains critically dependent on topics such as friction which are
far from being completely understood.

This paper focused on friction and addressed the influence of surface
roughness and material strength of tribo-pairs in the experimental
evaluation of the coefficient of friction by means of ring compression
testing. The results disclosed by the authors lead to the development of
a modified version of the Amonton–Coulomb’s law that makes use of a
friction operator based on a logistic function to incorporate the
combined influence of surface roughness and material strength in
frictional restraint. Because the friction operator can be previously and
independently calibrated in laboratory controlled conditions for the
tribo-pairs that are commonly found in metal forming processes it can
be utilized for setting-up a tribological database to be used by finite
element computer programs.

The overall investigation demonstrates that there are easy and
efficient ways of successfully enhancing existing friction laws,
commonly available in commercial finite element computer pro-
grams, without resorting to complicated theoretical and numerical
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Fig. 9. Mohr’s diagram for the lead-AISI 316L tribo-pairs utilized in the numerical simulation of the ring compression test for two limiting surface roughness conditions

(Ra¼0 mm and Ra¼0.35 mm).
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Fig. 10. Numerical and experimental cross section of a ring test specimen of lead-AISI 316L with Ra¼0.65 mm after 55% reduction in height. For the sake of comparison, the thin

solid lines disclose an estimate of the cross sectional profile if surface roughness was equal to Ra¼0.10 mm.
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topics that go beyond the basic knowledge of readers and most
often are developed outside metal forming context.
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