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Abstract

In numerical simulations of cold forging processes, the heat transfer coefficient has a significant influence on the result-
ing temperature fields. However, the values determined so far for steel materials are not in the load range of cold forging
processes. In this paper, a test stand for the determination of the interfacial heat transfer coefficient under typical loads of
metal forming processes is presented. The results are discussed at an example of a cold extrusion forming process. It can
be shown that the value increases significantly with increasing contact pressures and are higher compared to values known
from literature. The investigations also disclose the influences of lubricants and the mechanical surface treatment on the

heat transfer coefficient.
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Introduction

Forming operations are highly efficient manufacturing pro-
cesses which are known for their high material usage. Cold
forging operation in particular also benefit from their ability
to produce near net-shape components with superior mate-
rial properties due to the occurring cold hardening effect.
These advantageous characteristics can primarily be related
to the plastic deformation of semi-finished products at room
temperature. However, the forming at room temperature also
entails some challenges since high tribological loads may
occur during the forming process. Contact normal stresses
can reach values around 3000 MPa [1, 2], locally distributed
surface enlargements may reach up to 30 [3] and the relative
velocity between the tool and workpiece can reach values
up to 500 mm/s [4]. Due to the transformation of forming
and friction energy into heat, it is reported that the average
tool temperature can reach values of 200 °C [2]. In the tool/
workpiece interface local spike temperatures may be even
higher in a range between 500 and 600 °C [1, 2].
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Complex lubricant systems are used to withstand these
tribological loads. These are intended to separate the mate-
rials and tools from each other during forming in order to
reduce friction and the required forming force on the one
hand and to avoid possible tool wear on the other. In addi-
tion to oils and soaps in combination with conversion lay-
ers, ecologically advantageous single-layer lubricants based
on molybdenum disulfide (MoS,) and polymers have been
increasingly used in recent years. However, the performance
of these lubricants depends significantly on the contact tem-
perature during the forming process [, 6].

Temperature measurement directly in the process proves
to be challenging. Due to the high contact normal stresses,
conventional thermocouples can only be embedded in the
tools at a distance of several millimeters from the surface
[7, 8], which means that the temperature measurement only
takes place with a time delay and temperature peaks cannot
be determined. Here, the advantage of temperature determi-
nation in numerical simulations in the form of time and spa-
tially resolved temperature curves as well as the possibility
of an exact design of future processes to specific temperature
ranges and lubricant systems becomes apparent. However,
the accuracy of the resulting temperatures depends, among
other things, on the choice of the heat transfer coefficient.
Analyses by Zang for a tribometer test for cold forging show
that the change in the heat transfer coefficient results in a
temperature difference of 90 °C [9]. Polozine and Schaeffer
[10] investigated the influence of the inaccuracy of the heat
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transfer coefficient in the simulation of open and closed die
forging processes for aluminum and steel materials. They
conclude that temperature errors of a few tenths to several
hundred degrees Celsius can occur with the incorrect choice
of the heat transfer coefficient and that it occurs more clearly
at low initial sample temperatures.

Literature values for the heat transfer coefficient in the
field of solid forming are not well documented. Bonna-
vand et al. [11] cite heat transfer coefficients in the range of
8000-20,000 W/(m?K) for a simulation of cup-back extru-
sion. General values for stainless steel based on experimental
determinations are in a similar range of 12,000-18,000 W/
(m’K) for contact pressures of 5-150 MPa [12-15].

The heat transfer coefficient describes the heat transfer
from non-ideal surfaces, which have a lower thermal con-
ductivity due to air pockets between surface asperities. Here,
the influences of geometric, mechanical as well as thermal
factors can be summarized [16]. Various studies have shown
that the types of contact and intermediate materials, tem-
perature, contact pressure as well as surface roughness have
an influence on the heat transfer coefficient [12—-14, 17, 18].
The contact pressure is shown to be a significant influenc-
ing parameter, an increase leads to a non-linear increase of
the heat transfer coefficient [12]. The reason can be found
in the elastic and plastic flattening of the surface structure,
which results in an increase in the total effective contact
area [19]. The influence of the intermediate material on the
heat transfer coefficient depends on the thermal properties
(heat conduction) of the material [20]. Intermediates such
as MoS, and graphite based lubricants can reduce the heat
transfer coefficient as heat conduction is lower compared to
air [17, 18, 20]. However, a layer that is too thick has the
opposite effect [21].

In summary, the temperature determination with simu-
lations has advantages but is still prone to errors due to
wrongly selected heat transfer coefficients. Current literature
values with contact pressures of max. 150 MPa compared
to the possible pressures of up to 3000 MPa are subject to

Fig.1 Schematic illustration of
test rig and temperature curve
over the 8 measuring points

uncertainties. The influences of the lubricants used in cold
forging are also not taken into account.

The aim of this paper is to investigate the heat transfer
coefficient for the load collective of cold forging. In addition
to the influence of contact pressures above the yield stress,
the lubricant systems used in cold forging and different sur-
face topographies are investigated.

An experimental test rig has been developed to determine
the heat transfer coefficients at high contact pressures. The
experimental setup is explained below. After describing the
evaluation methodology, the results are presented and the
influences of the different test parameters are shown and
discussed.

Test rig and setup

The test rig for determining the heat transfer coefficient is
based on the experimentally steady state method with two
punches and one sample according to Rosochowska et al.
[22]. The schematic test setup is shown in Fig. 1. Due to the
design with two punches made of tool steel (1.2379 / AISI
D2) hardened to 58 HRC, contact normal stresses above the
yield point of the sample material can be realized. The test
has been designed for the press of the sliding compression
test [23], which, due to its use as a tribometer for hot forg-
ing, has the necessary requirements for the temperatures and
forces that occur in the tests. The test setup consists of a
heater in the lower area, two cylindrical punches made of
hardened tool steel, a specimen and cooling in the upper
area. The entire experimental set-up is thermally insulated
from the environment, inside the force path with pressure-
resistant insulation materials and around the specimen and
punches with a contacting flexible insulator based on glass
wool. The lower die is embedded on the press table with
the heater. During the test, the normal force is applied via
the upper punch and kept constant for the test duration of
300 s. Figure 1 shows the temperature curve over the eight
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measuring points inside the ram. As soon as the upper punch
comes into contact with the specimen, temperature equali-
zation begins in the system until a thermally steady state
has been reached in the punches and the specimen and the
temperatures remain constant.

The cylindrical specimens are made of the austenitic
stainless steel 1.4404 (AISI 316 L) frequently used in the
screw industry with a diameter of 18 mm and a height of
2 mm. The variable test factors are varied in the form of
the upsetting force (4 variations), the control temperature
(2 variations), the specimen surface (2 variations) and the
intermediate material (3 variations). For each parameter
variation, the test is repeated with three samples. Table 1
gives an overview of the test parameters.

The two control temperatures T,,,,; of 300 °C and
400 °C, which are measured between the heater and
the lower punch, result in extrapolated mean specimen
temperatures of around 152 °C and 206 °C respectively.
The sample surface is examined in both the blasted
(Sq=3.2 pm) and ground (Sq=0.2 pm) condition. The
blasted surface reflects the condition for industrial use.
For the intermediate materials, two single-layer lubri-
cants based on MoS, and polymers are used. The sam-
ples are coated with the lubricant in an immersion bath
according to the manufacturer’s specifications. In the
bath, the lubricant is mixed with water in a ratio of 1:1.

Table 1 Test parameters for investigating the influences on the heat
transfer coefficient

Test parameters

The dried lubricant on the sample has a layer weight of
approximately 15 g/m?, which is typical for cold forging.
As a reference, the tests are also carried out without an
intermediate material. The fourth influencing parameter,
the contact normal stress, is set via the upsetting force as
a controllable parameter of the press in four stages from
100 kN to 250 kN. When using the two lubricants as an
intermediate material, the coefficient of friction between
the specimen and the die is reduced, which leads to a
deformation of the specimen starting from an upsetting
force of 150 kN and results in slightly different contact
normal stresses compared to the reference without lubri-
cant. Figure 2 shows the difference in contact normal
stress for the two cases of different friction conditions
over the four force levels. The determination of the con-
tact pressure over the specimen radius is the result of a
numerical simulation of the compression process of the
specimen between the two punches at the four forces.
Based on tribometer tests of the two lubricants with a
coefficient of friction of p=0.03 (polymer lubricant)
and p=0.07 (MoS, lubricant), an average coefficient of
friction of p=0.05 is used for the simulation of the tests
with a lubricant as intermediate material. By varying the
friction coefficient in the simulation and comparing it
with the real specimen geometry, a friction coefficient of
p=0.45 is selected for the simulation of the tests without
intermediate material.

With a compression force of 100 kN, there is no dif-
ference in the curve of the two friction coefficients and
the contact pressure is constant over the specimen radius.
Starting from an upsetting force of 150 kN, the curves of
the contact pressure over the radius deviate between the
two coefficients of friction. For the coefficient of friction
p=0.45, the curve is largely constant over the radius until
it drops towards the edge. In comparison, with a coef-
ficient of friction of p=0.05, the contact pressure drops
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evenly from the maximum in the center of the sample
towards the edge. When comparing the values of the con-
tact pressures for the two friction coefficients, a differ-
ence of 40-105 MPa occur at the maximum. In addition,
the arithmetic mean value of the contact pressure over
the specimen radius is calculated based on the simula-
tion results. The mean value reduces the difference to just
10-30 MPa, which makes the tests with and without lubri-
cant comparable.

The difference in contact pressure is also reflected in
the equivalent stress. At an upsetting force of 100 kN, the
equivalent stress for both friction coefficients is 391 MPa
over the specimen radius. At 150 kN, the equivalent stress
for the case without lubricant is 422 MPa. With the friction
coefficient of p=0.05, the equivalent stress increases from
421 MPa at the specimen center to 485 MPa toward the
specimen rim. With a yield stress of 440 MPa of the test
material, the plastic deformation of the specimen begins.
This results in a reduction of the height of the specimen and
an increase of the diameter starting at an upsetting force of
150 kN (Fig. 3). The specimen without intermediate mate-
rial (p=0.45) shows only negligible deformation under
load. At the maximum load of 250 kN, this is reflected in
an increase of the radius of only 0.05 mm compared to the
radial increase of 1 mm of the specimen with a coefficient of
friction of p=0.05. Due to the flexible radial insulation, the

insulation effect is still maintained at the maximum radial
enlargement of the specimen by 1 mm.

In the thermally steady state of the test stand, the tem-
perature distribution across the bodies is constant. Together
with the assumption of one-dimensional heat flow, the heat
flow through the touching bodies is also constant. If the tem-
perature of the measuring points is known, the heat trans-
fer coefficient can be derived by linear extrapolation and
Fourier’s law. This method of calculating the heat transfer
coefficient for the experimentally steady-state test is already
well documented in the literature [15, 17, 22]. The only dif-
ference in the setup with two punches and one sample is that
there are two heat transfers during the experiment due to the
two contact surfaces between the punches and the sample,
which means that the calculated heat transfer coefficient is
the average over both contact surfaces.

Results and discussion

Figure 4 shows the plot of the heat transfer coefficient for
the ground and blasted specimen without an intermediate
for both temperatures 300 °C and 400 °C at an increasing
average contact pressure of 389-1095 MPa. In addition, lit-
erature values for stainless steels are added to the diagram.
Compared to the literature values, already an increase in
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the heat transfer coefficient for higher contact pressures and
can be seen. This trend continues as the load is increased
up to 1095 MPa. For the tests at 300 °C, this results in an
increase in the heat transfer coefficient of 55% for the ground
and 73% for the blasted test samples. The influence of the
surface is particularly evident at the lower contact pressures
(389 MPa and 601 MPa). There, the heat transfer coefficient
of the ground sample is about 30% higher than that of the
blasted sample. With increasing contact pressure, this dif-
ference diminishes to 15%.

The increase of the temperature to 400 °C results in an
increase of the heat transfer coefficient by 43% on average
for the ground surface and by 31% for the blasted samples.
Also evident is the greater increase in the coefficient for the
blasted surface (71%) compared to the ground sample (33%).

An explanation for the differences between the two sur-
faces and the contact pressure can be found in the surface
topographies. For that purpose, the center of the specimen
is measured by means of a confocal microscope. This area,
measuring 4.65 X 1.34 mm, has the highest contact pressures
on the specimen. Figure 5 shows the overview of the surface
parameters for the two initial surfaces versus the contact
pressure for a temperature of 300 °C. For this purpose, 4 sur-
face parameters according to DIN EN ISO 25178-2 are con-
sidered. For a general classification the mean square height
Sq is used. In order to be able to describe the change of the
surface better, the three function parameters Sk, Spk and
Svk are used. The three parameters divide the topography in
three areas (peak, core and sink) and allow the characteriza-
tion of highly stressed functional surfaces [24]. The reduced
peak height Spk and the reduced sink depth Svk describe the
average height of the peaks as well as the average depth of
the sinks with respect to the core area of the surface. This
core area is defined by the core height Sk.

The mean square height Sq gives a first impression
of the average surface height. For the blasted specimen,
mean square height ranges from Sq=3.2 pm at baseline to

Sq=2.15 pm at contact pressures 828 MPa and 1095 MPa.
The reduced sink depth Svk, ranges around Svk=4 pm for
all loads within the scatter bars, indicating that the valleys
are not affected by the simple compressive loading. The
majority of the peaks of the surface are significantly lev-
eled at the first load, which is reflected in the reduced peak
height Spk. This decreases from Spk=3.4 pm in the initial
state to Spk=0.9 pm at a contact pressure of 389 MPa and
Spk=0.5 pm (1095 MPa). The core height Sk, in combina-
tion with the reduced peak height Spk, is a good indicator
of the leveling of the surface with increasing load. At the
first load (389 MPa), the core height Sk=7.4 pm remains
unchanged compared to the initial condition, indicating
that only the tips of the surface are leveled at this load as
described earlier. As the load increases, the core height con-
tinuously decreases to Sk=3.4 pm at 1095 MPa. Thus, with
the core height and reduced peak height, a change can be
detected even at the loads of 828 MPa and 1095 MPa, which
is not present with the mean square height Sq.

The ground surface is more compact with Sq=0.20 pm
compared to the blasted specimen (Sq=3.21 pm) and is also
not as clearly leveled at the maximum load (Sq=0.10 pm at
1095 MPa). This difference is also evident in the structure of the
surface and the behavior of the peaks and valleys under loading.
In the initial state, the reduced peak height is Spk=0.15 pm, and
the reduced valley depth is almost twice as large, Svk=0.27 um,
giving the surface an asymmetric structure of the height density
curve compared to the blasted sample. Under loading, the sur-
face also behaves differently during leveling compared to the
blasted specimens. The reduced peak height is constant over
the four loads, hovering around Spk=0.10 pm. With increas-
ing load, the characteristics of the core height decrease from
Sk=0.49 pm to Sk=0.22 pm as well as the reduced sink depth
from Svk=0.27 pm to Svk=0.13 pm.

The already described increasing course of the heat
transfer coefficient (Fig. 4) is accompanied by a reduction
of the surface roughness for both surface topographies.
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The reduction in the difference in heat transfer coefficient
from 30% (389 MPa and 601 MPa) to 15% (828 MPa and
1095 MPa) between the two surface topographies can also be
explained by the leveling of the surface. The ground surface
shows a greater percentage leveling than the blasted surface
at the contact pressures (389 MPa and 601 MPa). The sur-
face roughness of the punches is with Sq=0.02 significantly
lower. The increase in the heat transfer coefficient can be
explained with the increase in the real contact area between
the rough specimen surface and the comparatively flat punch
surface. This is particularly evident for the blasted surface,
where the functional parameter Spk is reduced as the contact
pressure increases. The reduction of this function parameter
indicates the leveling of the surface peaks, which results in
an increase of the contact to the flat punch surface.

The tests with the two single-layer lubricants based on MoS,
and polymers are carried out at a temperature of 300 °C for
both the ground and blasted samples. For the two low contact

pressures, the heat transfer coefficients for the ground with and
without a lubricant are similar (Fig. 6). A further increase in
contact pressure results in a greater increase for the samples
with the lubricants and ends in a nearly 20% higher heat transfer
coefficient compared to the specimen without lubricant. The
surface topography indicates that the increase is not due to a
greater deformation of the surface.

Figure 7 shows the surface roughness of lubricant cleaned
specimens in terms of mean square height Sq. Starting at the
lowest load, the roughness of the specimens is still close to
each other. As the contact pressure increases, the surface
roughness of the specimen with the MoS, lubricant remains
relatively constant. In comparison, the roughness of the
polymer lubricant increases significantly, showing a 500%
increase in surface roughness at the highest contact pressure.

The increase in roughness is due to the surface enlargement that occurs
due to the lower friction of the polymer lubricant (n=0,03 for the potymer
lubricant and p=0,07 for the MoS, lubricant). Wu et al. were already
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able to demonstrate the relationship between the surface strain and the
increase in surface roughness in sheet metal forming, where the surface
roughness of the sheet metal is in the range of the ground specimens [25].
The difference in the roughness increase can be explained by the different
functioning principles of the polymer and MoS2 lubricants. The lubrica-
tion properties of the solid lubricant MoS2 are based on the molecular
structure with a hexagonal lattice structure. The sliding planes connected
by sulfur bridges can be shifted against each other under pressure [26)].
The lubricating effect of the polymer lubricant is related to the tempera-
ture-viscosity behavior, which shows a significant reduction in lubricant
viscosity above temperatures of 100 °C [9]. This low viscosity property
of the polymer lubricant causes a lower resistance to surface deformation,
which leads to an increase in roughness.

The lubricant embeds itself in the asperities of the surface
topography and, due to the higher heat conduction compared to
air, achieves an overall higher heat transfer coefficient and can
thus also compensate for a rougher surface structure.

Fig.8 Heat transfer coefficients
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When lubricants are used in combination with the
blasted surface, an approximately 20% higher heat trans-
fer coefficient is shown compared to the reference with-
out lubricant. For the highest contact pressure, this ratio
increases to 56% for the MoS, lubricant (Fig. 8).

Compared to the ground specimens, the specimen surface of
the blasted specimens behaves as known from the literature with
aleveling of the surface (Fig. 9). This is even more pronounced for
the specimens with lubricant, which can be explained by the easier
deformation of the roughness peaks due to the reduced friction.

Summary and conclusion
After considering the heat transfer coefficients currently available

in the literature for the simulation of cold forging processes as well
as the general values and the contact pressures under which they are
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recorded, an experimental setup is presented to determine the heat
transfer coefficients at the process loads of cold forging. For the tests,
the heat transfer coefficients are determined by varying the contact
pressure, temperature, surface topography and lubricants. The results
show that the heat transfer coefficients previously assumed in the
literature for the loads of cold forging are significantly underesti-
mated. For contact pressures around 1100 MPa, they range between
h=47,000 W/m’K and h=59,000 W/m’K for the industrially rel-
evant sample condition (blasted surface with a lubricant) depending
on the lubricant used. Also, the results show that when Iubricants are
used, the surface condition has no significant influence on the heat
transfer, since the lubricant fills the cavities created or present and
can thus compensate for them.
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