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Advance and trend of friction study in plastic forming
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Abstract: Friction is a critical issue in plastic forming which influences forming force, metal flow, forming quality and service life of
die. Since friction is a highly nonlinear physical phenomenon which is interactively affected by so many factors, great efforts have
been made to study the friction mechanism and controlling. The research progress of friction issues in plastic forming was
summarized and discussed from four aspects: testing, characterizing, modeling and optimization /controlling. Considering urgent
demands for green, efficient and precise forming of high-performance, lightweight and complex components in high-tech industries

such as aerospace and automotive, the trends and challenges of friction study in plastic forming were proposed.
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1 Introduction

The metal components produced by plastic forming
have been widely used in various industrial fields, which
is attributed to their good combination properties of light
mass, high productivity and low cost. The plastic
forming process depends on so many factors, such as
material properties, structure of workpiece/die, forming
velocity, forming pressure and temperature. Among these
parameters, friction is one of the most important factors,
which directly works on the magnitude of the forming
force, determines the metal flow and energy consumption,
and affects the forming limit, forming precision, surface
quality and service life of the die.

As shown in Fig. 1, quite different from traditional
mechanical transmission friction [1], friction in plastic
forming is a highly nonlinear phenomenon coupling
affected by many forming parameters. First, the
workpiece deforms continually, and the magnitude of
friction force is related to the deforming process;
conversely, the deforming is also influenced greatly by
the friction force. Second, the friction is generated under
high pressure, and the pressure at the interface is much
higher than the yield limit of the material in many cases.
Third, the friction is generated at high temperature,

which has a significant influence on the formation and
performance of the lubricating film. Fourth, new metal
surfaces appear continually during the forming process,
so the contact state is changed all the time. All these
characteristics make friction in the plastic forming have a
significant and complicated effect on the quality of the
workpiece [2].

Many studies have been focused on searching the
friction mechanism under different loading conditions in
plastic forming using experimental, analytical and
numerical methods. In this work, significant advances on
friction behaviors in plastic forming were summarized
from four aspects, namely, friction testing, characterizing,
modeling and optimization/controlling. Considering
urgent demands for green, efficient and precise forming
of high performance, light weight and complex
components in high technological industries such as
aerospace and automotive, the trends and challenges of
friction study in plastic forming were proposed.

2 Progress of friction testing in plastic
forming

Developing a suitable friction test method is the
precondition to reveal the friction behaviors between
workpiece and dies, optimize the tribological conditions,
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and improve the material formability. Generally, there
are two categories for friction test methods, namely, the
direct test and the simulative test. The direct test refers to
the method that the normal pressure and tangential
friction force are measured directly by mounting the
sensor on the die surface during the real plastic forming
process. It is hard for this method to be applied widely
since its effectiveness depends on the use of the sensors
and selection of measuring points [3]. However, the
simulative test can be designed under different loading
conditions, which simulates the similar tribological
conditions in metal forming processes. This method is
applied more widely than the direct one in either bulk
forming or sheet metal forming processes.

The simulative tests widely applied in bulk forming
are the ring compression test and extrusion friction test.
The high pressure and large deformation in metal bulk
forming require special attentions for the friction testing
design. The methods to put large deformation and high
pressure conditions into tests promote the development
of the simulative friction test methods.

In order to adapt to high interface pressure, as
shown in Fig. 2, TAN et al [4] modified the ring
specimen shape based on the changing pressure
conditions occurring in bulk forming. The concave,
rectangular and convex specimens were applied in
compression tests of light load, moderate load and heavy
load, respectively.

Extrusion friction test method was proposed to
reflect the severe deformation in cold forging. The
friction effects on material flow and extrusion load were
used for friction identification [5]. BUSCHHAUSEN
et al [6] proposed the double backward extrusion friction
test method. The schematic diagram of the experimental
principles is shown in Fig. 3. During test process, the
upper punch moved downward with a constant velocity,
and the lower punch and the container were kept

(b)

Fig. 2 Shapes of different ring specimens: (a) Concave;
(b) Rectangular; (¢) Convex
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Fig. 3 Schematic diagram of double backward extrusion
process [6]

stationary. The height difference (H,/H,) reflects the
difference friction conditions. Similar to the double
backward-extrusion process, NAKAMURA et al [7,8]
proposed that the combined forward rod backward can
extrude, and combined forward conical/straight and
backward straight can extrude.

ZHANG et al [9] proposed a modified friction test
method called the T-shape compression based on the
Spike test. The experimental apparatus included a punch,
a cylindrical specimen and a die with a V-groove shown
in Fig. 4. There were some obvious advantages
compared with the traditional friction test methods such
as the ring compression test and Spike test, severe
deformations including both extrusion and compression
were involved in this test, only the cylindrical surface of
the billet was in contact with the punch and die, and oil
lubricant could easily be applied in the test by filling in
the die groove.
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Fig. 4 Schematic diagram of T-shape compression: (a) Set-up

of test; (b) Deformation characteristic of specimen [9]

BAY et al [10] found that the most frequently
applied simulative tests in sheet metal forming can be
summarized, as shown in Fig. 5. Three tests represented
the conditions in the flange region, namely strip drawing
between flat dies, draw bead testing and drawing with
tangential compression. The conditions on the die
curvature were represented by the fourth test of bending
under tension, and the fifth test of bending with
tangential compression represented the combined
conditions in the flange and on the die curvature. The
sixth test simulated ironing in a conical die, whereas the
seventh and eighth tests represented stretching over the
punch radius of curvature and under the punch nose,
respectively. These simulate tests were established
considering factors such as normal pressure, sliding
length and sliding velocity. Since deformation and new
surface often appear in sheet metal forming, some new
friction tests nowadays were proposed based on the
above methods.

As shown in Fig. 6, HAAR [11] designed a friction
test device applied in the tensile tester considering the
tensile deformation and slip phenomena during drawing
process. It could apply controlled plastic deformation to

Fig. 5 Schematic diagram of simulative tests for sheet metal
forming [10]: 1—Strip drawing with flat dies; 2—Draw bead
testing; 3—Drawing with tangential compression; 4—Bending
under tension; 5—Bending with tangential compression; 6—
Strip reduction testing; 7 — Strip-tension testing; 8 —
Hemispherical stretching

]-qul'
Fig. 6 Schematic diagram of test [11]

the sheet material while simultaneously measure the
friction force between tool and sheet. One side of the
sheet was clamped and the other side was deformed
under the force Fyr of tensile tester, while a friction
measuring device simultaneously slide along the
specimen with a velocity v. The friction measuring
device consisted of a sliding and a rotating cylindrical
tool, which was loaded by a force F,. The resulting
friction force F; along with F,, was measured by the
Sensor.

Based on the draw bead testing, SANCHEZ [12]
proposed an improved experiment apparatus, as shown in
Fig. 7. Two test specimens were required to determine a
friction coefficient. One specimen was pulled between
cylindrical pins supported by ball or roller bearings.
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Friction on the bearings was considered to be small
enough to be neglected. The pulling force (FR) and
clamping force (Fcr) measured the bending and
unbending resistance of the sheet under “frictionless”
conditions, respectively. The second specimen was
pulled between pins of radii equal to the rollers, but
firmly secured to the tools. Friction opposed the sliding
of the sheet over the fixed tools. The pulling force (Fp)
and clamping force (F¢) measured the combined loads
required to slide, and to bend and unbend the sheet as it
flowed over the fixed pins. The friction coefficient was
calculated according to the expression as follows:

1= (Fyp — F)/(nFe) (1)

Sheet metal
|-

Ball Guide roller

Draw bead

Fig. 7 Schematic diagram of friction test device to simulate
draw bead [12]

Certain progress has been made from traditional
mechanical bench test to simulative test for friction
measurement methods in plastic forming. The results
obtained from various simulative tests have important
guiding significance for investigating the friction state in
plastic forming process. However, the friction
phenomena is so complicated that the consistency of test
conditions and the actual plastic forming process are
difficult to guarantee, so the friction coefficient under
particular condition can only be estimated through the
simulative test. Obviously, the choice of proper test
method becomes vital important, and the improved
friction test is urge to develop.

3 Progress of friction characterizing study in
plastic forming

Modern tribology theory believes that friction force
not only contains the resistance generated by mechanical
biting of the contact surface, but also contains the
attraction force generated by molecule adsorption and the
resistance to cut the adhesive contact [1]. Based on the
comprehension, generally, there are six main factors
affecting the friction coefficient in plastic forming

process. They are the kind and chemical composition of
the metal material, the interface state of tool and
workpiece, deformation temperature, deformation
velocity, the contact pressure and degree of deformation.
Researches on exploring the effect rules of these
influencing factors are reviewed in the following.

AZUSHIMA and SAKURAMOTO [13] obtained
the influence of pressure on friction coefficient by
experiments. The sheet material was commercially pure
annealed aluminum and the paraffin base oil was used as
a lubricant. Under the impact of the lower
nondimensional pressure, the surface roughening of the
specimen played the chief role, and the friction
coefficient remained constant with the increase of the
pressure. Under the impact of the high nondimensional
pressure, the flattening of surface asperities played the
chief role, and the friction coefficient decreased
gradually with the increase of the pressure.

SAHA and WILSON [14] studied the effect of
plastic deformation on friction behavior during sheet
metal forming process. Measurements were conducted
with two different sheet and tooling material
combinations: electro-galvanized steel sheet on smooth
A2 tool steel and commercially pure aluminum sheet on
cemented carbide. They found that the variation of the
friction coefficient was determined by the relative
intensity of the surface roughening and the flattening of
surface asperities. The materials of easy roughening will
decrease gradually with the deformation increases;
however, those hard to roughen have a totally opposite
tendency.

LEE et al [15] studied the friction behavior of
several kinds of steel and aluminum material when
drawing oil was used as lubricant. It can be concluded
that the friction coefficient would be a high value when
the surface roughness was extremely low or high. They
attributed it to the reduction of number of oil pockets in
low surface roughness and easy destruction of lubricating
film in high surface roughness.

MALE [16] studied the influence of temperature on
the friction behavior and found that the friction
coefficient was related to the sample material with the
raise of the temperature. PAWELSKI [17], LENARD [18]
and HARDELL and PRAKASH [19] have proved the
conclusion above by researching the effect of the
temperature on the friction from the different lubricating
conditions.

The integrity of the lubricating film has a very
important significance to friction and wear. When there
exists sliding between the contacted metal materials, the
impact of the contact pressure, the sliding speed and the
lubricant viscosity on the lubricating film can be
expressed by the famous Stribeck curve [20], as shown
in Fig. 8.
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Fig. 8 Stribeck curve and lubrication state

In recent years, the study on Stribeck curve was
focused on the theory innovation and simulation
applications. As to theory innovation, for example, MA
et al [21] found that the rougher the friction pair surface
was, the larger the mixed film lubrication area was, and
the smaller the slope of the curve was, so that the friction
coefficient of test model was not unique under different
surface roughnesses. In view of that, a “characteristic
roughness” parameter into the Stribeck curve was
introduced to establish a friction coefficient test model
independent of roughness. As to the applications,
RAMEZANI et al [22] combined the Stribeck curve and
Coulomb friction model, and applied it to predicting the
spring back of plane-strain bending process. The results
showed that the simulated result was identical with that
of experiments, especially at higher forming speeds and
pressures.

With the development of nano-scale science and
technology, microtribology has developed a lot. It is now
one of the most active research areas in tribology [23].
The microtribology is implemented by measuring
friction and wear condition from the micro-scale through
the use of some electron microscopes. It provides a new
way for tribological mechanism study, and makes the
control of surface friction and wear a new level. There
are already many researches on the friction mechanism
from the micro-scale [24—26], where the friction and
lubrication mechanism are presented from new
perspective. Moreover, based on the micro friction
mechanism, related researches including the micro
friction model in plastic forming [27,28] and applications
of some nano-scale thin film materials both have made a
great progress.

Although some basic friction characterizing in the
plastic forming is obtained right now, the scientific
knowledge obtained now does not seem to give

reasonable explanations in some new circumstances. It is
because that friction is a highly nonlinear complex
process, and the friction mechanism is still not
understood in depth by now.

4 Progress of friction models in plastic
forming

The finite element software has been used widely
for formability analysis to reduce the cost and time in the
modern industry. However, an accurate forming analysis
can be only made when the material behavior and
friction conditions are accurately modeled. For material
models, significant improvements have been made over
recent decades, while there has been always a lack of
friction model of high accuracy. The Coulomb friction
and constant friction models are still applied in the
majority of simulations, but they are not suitable for
complex plastic processing because some important
factors, such as temperature, material and deformation,
are not taken account into the model. This section will
give a simple overview of friction models developed in
recent years.

Based on the classic friction model, scholars around
the world have proposed some improved friction model.
For the Coulomb friction model, when there is a neutral
point of relative velocity between the workpiece and die,
the friction force direction would mutate, which leads to
the difficulty in calculating because of the ill-conditioned
matrix equation. KOBAYASHI et al [29] proposed a
correction friction model based on the Coulomb friction
model. The model considered the relative velocity of the
friction surface and used a conjecture function to avoid
the calculating problem. Mathematical representation is
listed in Table 1, where A4 is a constant; v, is the relative
velocity between the workpiece and die. This model can
automatically deal with the neutral point, and it is
convenient to handle the friction conditions of arbitrary
curve contact boundary. Besides, it can maintain the
friction force continuous on the whole boundary. There is
a similar correction friction model based on the constant
friction model. Mathematical representation [30] is listed
in Table 1.

Based on the constant friction model, BAY and
WANHEIM [31,32] proposed the general friction model,
as listed in Table 1, where f'is the friction factor; a is the
ratio between the real and the nominal contact areas
between a smooth tool and a rough workpiece surface.
The parameter a is relative to the contact pressure. The
relationship among z, £ and f'can also be expressed as

r _ qloy 7

i L <dq 2
K gloy K (g<9) 2
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The general friction model considers the real
contact area, so it is suitable in a wider range of forming
pressure. However, the model does not consider other
factors; therefore, it is still not ideal for complex friction
prediction in practical engineering problems.

WILSON et al [33] established a practice friction
model considering the influence of lubricant film
thickness and composite surface roughness. The friction
model divided the friction force into adhesion, plowing
and hydrodynamic friction stresses, the influence of the
average lubricant film thickness /# and composite surface
roughness ¢ and process variables were taken into
account, which allowed the model to be applied over a
wider range of lubrication conditions.

TAN et al [34] established a dynamic friction model

by combining solid mechanics and viscosity of fluid
mechanics. In this model Coulomb friction model and
the definition expression of viscosity have been jointly
taken into account, and the friction stress is related to not
only the flow stress and dimension of material, but also
material velocity. It is found that the theoretical curves
on the neutral plane predicted by the dynamic friction
model fit with the experimental data better than those by
both Coulomb friction model and the constant friction
model.

Based on the understanding that contact pressure
and temperature have a great impact on the friction. BAY
et al [35] proposed an empirical model for friction as a
function of normal pressure and tool/work piece interface
temperature. The model was suitable for cold forging of
aluminum, steel and stainless steel. The mathematical
formula is listed in Table 1, where 4, B, a and b are
constants.

Due to the different views and concerning aspects,
the friction models mentioned above including the
classic friction models and the latest friction models are
suitable for some special plastic forming process, but
there are still lack of friction models of enough accuracy.
To exploit a model which considers various factors
(interface pressure, sliding speed, temperature and strain
rate) has to be further studied.

Table 1 Mathematical expression and main character and applications of fiction models

Friction model

Mathematical representation

Main character and applications

Coulomb friction model

The constant friction model

Correction model

The general friction model

Realistic friction model

The dynamic friction model

The empirical friction model

T=Hp

=mK

2 A
T=—Up, ;arctan(;) [29]

2
7=-mK —arctan(ﬁ) [30]
T A

t,=fok [31]
Tf :M (h>100.) [33]
T, = @@ (306>h>100) [33]

77=1, A+1, A+1;, (1-A4) (h<30) [33]

dv,
= [f— 34
,.=p p [34]

a
t_ AX(L*J x BT-T/T*T0)" [35)

Simple cold metal forming

Hot metal forming

Arbitrary curve

contact boundary friction conditions

A wider range of forming pressure

Suitable for a wider range

of contact lubrication conditions

High prediction accuracy
on contact stresses at neutral plane

Cold forging of
aluminum, steel and stainless steel
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5 Progress of friction controlling/
optimization in plastic forming

The studies on designing the friction test method,
exploring the friction mechanism and establishing new
friction models in plastic forming are all for the purpose
of better control of the friction behavior. A simple review
of optimization of friction design will be given below,
including the researches on friction control and the
development of lubrication materials in the plastic
forming process.

For the studies on friction control in the plastic
forming process, this work will mainly give brief
introduction to the aspects of the friction control in the
sheet metal forming. Certain progress has been made on
that. For example, YANG et al [36] studied the friction
role in bending behaviors of rotary-draw-bending and
found that the friction should be controlled to an
applicable level rather than to be minimized. If the
friction was too small, the slip between die and tube
would increase the risk of wrinkling. On the contrary, too
large friction would cause tube material flow difficulties,
which would lead to wall thickness variation and
cross-section deformation. Therefore, an optimal strategy
of friction application should be applied against different
contact interfaces to ensure the suitable stress/strain
distributions and precision bending parts. And
SHIVPURI and ZHANG [37] had obtained optimal
design of spatially varying frictional constraints to
reduce the risk of failure due to wrinkling and thinning in
sheet drawing process based on numerical modeling,
genetic algorithms and Pareto optimality.

In order to reduce friction resistance, the lubrication
materials were applied. Plastic forming process often
took place in extreme process conditions, just like high
temperature and high pressure conditions. The solid
lubricant was demanded in these places due to its better
resistance to high temperature as well as high pressure.
However, the friction coefficient of the traditional solid
lubricants including molybdenum disulphide, graphite,
boron nitride, the glass lubricant were not steady under
different test environment and contact conditions. Their
wear lives were finite, and their replenishment was more
difficult than that of liquid lubricants [38]. In recent
years, the application of solid lubricating coating in
plastic forming process has attracted widely attention.
The solid lubricating coating has excellent performance
such as high adhesion strength to the surface and it can
be used repeatedly. The development of the coating
materials applying in plastic forming are simply
introduced in following parts.

The hard chrome coating is the traditional material
applying in the plastic forming to improve the friction
and wear properties between the metal materials.
However, due to the defects of the preparation
technology and the coating character itself, there is a
strong demand to develop new coating technologies that
not only eliminate the environmental problems
associated with hard chrome plating but also demonstrate
increased performance as compared to chrome [39].
ZHOU [40] pointed out that WC-system carbide cermet
had excellent properties such as high hardness
(HV1000-HV1250) and abrasion resistance. The wear
rating of WC—Co coatings was only 1/3 of the hard
chromium plating layer and 1/5 of the nitriding treatment.
The WC/C cermet thin film materials as well as TiN,
CrC, Al,O;, TiAIN, DLC had been widely used in plastic
forming with the development of most vacuum
deposition techniques, such as plasma vapor deposition
(PVD), chemical deposition (CVD), and

ion-beam-assisted deposition (IBAD).

vapor

In particular, diamond like carbon (DLC) coatings
have been developed to improve the tribological
performances of the workpiece/ die system in plastic
forming. The DLC films are known to have excellent
properties
including the traditional hard film mentioned above. The
DLC film applied in plastic forming show excellent
anti-friction and anti-wear character. It was found that

tribological against various materials

the anti-friction and anti-wear of DLC film were better
than those of the traditional hard film under the condition
of dry friction and lubrication [41,42].

The researches on DLC coating have been focused
on the improvement of composition and structure in
recent years. For the composition design, some metal,
metalloid and gas elements (Ti, B, S, Si, Cr, F, W and N)
are added into the coating to improve the properties. For
example, to improve thermal stability of the DLC film,
GHARAM et al [43] studied the tribological behavior of
W- containing DLC (W-DLC) as a function of testing
temperatures up to 500 °C. They found that the film
showed excellent anti-friction and wear characteristics at
temperatures between 25 and 500 °C. As to the structure
design, tailoring various structures including
multilayered, gradient, superlattice, nano-structured and
adaptative coatings with extreme tribological properties
is the main developing direction [38].

In the structure design study, great strides have been
made in the study of nanostructured coatings. Studies on
nanostructured coatings almost covered all the coating
materials, including some soft film lubrication material,
such as MoS, [44], traditional hard metal coating

material, such as Cr, Ni [45,46], then the nanostructured
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cermet thin films [47—51] and the nanostructured DLC
films [52—54]. They all showed very low friction
coefficient; however, their stability at high temperature
was not ideal. The future developments should be
probably devoted to avoid phase transformation, grain
growth and diffusion processes [55].

The friction in many plastic forming processes can
be controlled to a certain extent by combining methods
of theoretical analysis, simulation and experiment, while,
it is worth noting that its control methods need further
discussing according to different forming process.
study solid
lubrication has achieved great development from the
traditional lubricating material to composite, nano and
intelligent new lubricating materials. While the stability
of the use, scope of application, and environmental

Nowadays the on high-temperature

performance of a lubricating material are all worthy of
further study.

6 Trends and challenges of friction research
in plastic forming

Nowadays, there are increasing demands for green,
high efficiency and precision forming of high
performance, light weight and complex components in
aerospace and automotive. This requires the efficient and
reliable control of plastic forming process such as
friction behavior. While nowadays, the plastic forming
generally involves advanced new materials and extreme
forming conditions of high pressure, high temperature,
severe deformation and high speed. This provides the
challenges to the understanding and controlling of
friction issue including the friction mechanism, friction
model and lubrication design in plastic forming.

1) The existing fictional theories and analytical
methods become no longer feasible for the friction
analysis. For example, in micro forming, the problem of
size effect is very important, and the friction coefficient
increases with decreasing specimen size [56], which can
not be explained by traditional friction theory. The
understanding of reasonable friction mechanism under
highly complex forming conditions is urgently needed.
Utilizing a variety of friction experiment methods
combined with the numerical methods from macro and
micro scales will be the primary tools for exploring the
friction mechanisms in plastic forming.

2) The diversified plastic forming processes also
bring challenges to the establishment of the friction
modeling. The traditional friction models are suitable for
simple mechanical friction lubrication calculation. While,
under the extreme forming conditions in plastic forming,
they are too simple to accurately predict the friction
behavior. The development of a model suitable for the

changing conditions is urgently needed. It requires the
model to consider various factors, such as interface
pressure, sliding speed, temperature and strain. And both
macro variables and micro variables may be taken into
account.

3) The effective lubrication conditions are the
assurance of forming quality. Under the extreme forming
conditions, the selection of lubricating is particularly
important. At present, how to keep the solid lubricating
material to maintain a stable friction coefficient, a low
wear rate and at the same time be pollution-free in a wide
temperature range and at high operating temperature
(1000 °C) is urgent to be solved. The traditional
explorations are not effective, and the novel solid
lubricating material should be designed in the direction
of multi-layers, micro surface texturing, nano-structures,
composites, environment friendly and intelligent in
coming years.

7 Conclusions

1) Metal plastic forming has been the key
manufacturing technology applying in wide range
industries. The current urgent demands for green, high
efficiency and precision production are vitally related to
the accurate prediction and effective controlling of the
tribological conditions. This depends on the insight into
the friction mechanism and influence rules of different
forming parameters. Thus, advances on the studies of
friction behaviors in plastic forming are summarized
including testing, characterizing, modeling and friction
controlling /optimization.

2) With the urgent demands for green, high
efficiency and precision forming of high-performance
and lightweight components in aerospace and automotive
fields, there are many new changes in plastic forming
processes such as extreme forming conditions. It brings
the challenges to friction controlling. Based on these
problems, this work makes a declaration of future
development trends.
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