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Summary
The currently most effective approach for reduction of friction and wear in cold forging is the application of
lubricants. Scope of the present study is the design and realization of a surface modification concept for forming tools to enable the cold extrusion of aluminum in absence of lubricants. By quantum-mechanical guided
design of wear resisting layers with reduced interaction, minimization of adhesion as the main wear mechanism
is aspired. Through smoothing of roughness peaks and topography homogenization the laser assisted surface
modification of the tools systematically aims at minimization of abrasive wear and thus less wear particles that
act as nuclei for adhesive processes. Evaluation of the developed structures and layers is carried out on a newly
designed torsion-tribometer, which enables the free scaling of contact stress and slide path combined with a
certain amount of surface expansion. The report first gives an insight into the current state of the art, analyses
the load case during cold extrusion and derives suitable tribological experiments for the characterization of
adequate surface modifications. Subsequently, laser polishing and structuring processes are presented and,
based on a quantum mechanical calculation of the interaction between tool and workpiece (aluminum), a possible solution concept by the use of self-assembling monolayers is presented. Finally, the methods are combined and their influence on adhesive wear is highlighted in tribological tests.
Keywords: Extrusion, cold forging, tribology, tribological testing, aluminum, self-assembling monolayer
(SAM), laser polishing, laser structuring
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State of the art

1.1 Tribology in industrial cold extrusion
According to DIN 8582, impact extrusion belongs to the group of compressive forming processes. Its special
advantages are, among other things, the optimal use of material, the low unit costs as well as the reproducible
high dimensional accuracy and surface quality of the workpieces. Increased strength due to work hardening
and a stress appropriate fibre orientation is a favorable prerequisite for an increase in economic importance
[1]. The challenges on the process side consist primarily in the interpretation and control of the tribological
effects between tool and workpiece with regard to possible tool damage as well as in ensuring the required
surface quality of the workpiece. In contrast to the tribological conditions of other technological processes a
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very high contact pressure prevails during impact extrusion, which is dependent on the tool geometry and the
material flow and can reach a multiple of the initial yield stress of the workpiece. In cold extrusion, surface
pressures in the range of 4 to 9 times of the initial yield stress of the workpiece are quite common [1]. In
individual cases contact pressures of up to 4,000 MPa can be achieved [2].
In connection with the strong surface enlargement (by 2 to 11 times) of the workpiece the high contact pressures can quickly lead to severe wear on the tools. This manifests itself in inadmissible changes in shape and
dimension of the surface of the tool and the workpiece [3] and is clearly the most frequent cause of failure for
tools in forming technology. Tool wear and the associated repair costs and maintenance are therefore of central
economic importance for process control [4].
According to current understanding, the physical and chemical processes occurring during wear are based on
the four wear mechanisms abrasion, adhesion, tribochemical reaction and surface disruption [5,6]. The relevant
mechanisms in the practice of cold forging are abrasion and adhesion [1]. Abrasive wear is caused by surfaces
with hard protruding particles that slide against another surface. Hereby chips or small particles are produced,
which are deposited e.g. in scratches on the softer surface. This is usually an unavoidable long-term effect.
The adhesion mechanism is of particular importance for cold extrusion [7]. In this case, micro-welding occurs
initially at the roughness peaks. Phenomena such as work hardening at the contact of the roughness peaks or
diffusion can lead to the adhesive bonds having a higher strength than the base material. In this case, the
fracture path would run through the base material with the lower strength [5]. After this initial damage, the
adhered wear particles would now plough through the softer material and cause lasting damage to the surface.
This generally results in a rapid increase in adhesion, since locally excessive surface pressures arise at these
points and chemically identical friction partners with a high tendency to adhere interact. The most important
factor influencing the occurrence of adhesive wear is the adhesion tendency of the base material, which is
particularly pronounced in the forming of stainless steel or aluminum. The influence of the temperature prevailing in the forming zone has also been demonstrated [8].
The most effective protection against tool wear in cold forging is the use of lubricants [9-11]. The most important task of lubrication is to separate the workpiece and the tool surface from each other, which effectively
prevents adhesion in particular and thus reduces tool wear as well as ensuring consistent quality of the pressed
parts and undisturbed production. Lubrication is also intended to reduce friction losses. The choice of lubrication can also depend on other criteria, such as: The coupling of lubricating and cooling effects; the influence
on the flow of material during forming; the influence on the surface quality of the pressed part; the difficulty
of forming; the ability to apply and remove the lubricant; the corrosion protection effect; compatibility with
subsequent machining processes and cost-effectiveness [1].
The control of the sophisticated tribological system in industrial cold extrusion is currently mainly achieved
by the use of organic and inorganic lubricants. In addition to the lubrication properties, there are a number of
other factors that must be taken into account when using lubricants. These include price, environmental issues,
availability and the effort required to control the application of the lubricant system. After the forming process,
the lubricants must be removed from the product and disposed of properly [12].
Therefore, there are still numerous efforts to increase the tool life by selecting appropriate materials [13] and
by applying surface layers or a corresponding surface layer functionalization, thus qualifying the tribological
system for forming without lubricants.
1.2 Surface layers for wear reduction
A major wear mechanism is the adhesion between tool and workpiece (Fig. 1). The underlying wear mechanism is defined as follows in a recent overview [1] by Groche:
"Adhesive wear is based on the formation of chemical bonds at individual contact points between metallic
bodies by free cohesive forces [...], which break up again when relative movement occurs in the plane of
minimum shear strength. At high adhesive forces the shear plane shifts to the softer friction partner [...]. The
strength of the adhesion depends on the number of [...] microcontacts, the size of the bonding forces acting
between the partners and the electron configuration of the metallic bodies involved.” (translated by the authors
from German)
It follows that - regardless of whether a tool protection layer has been applied or not - the shifting of the shear
plane out of the original sliding joint into the tool or workpiece must be prevented in order to avoid adhesive

wear. This can be achieved by specifically influencing the chemical interaction between tool surface and workpiece, e.g. by applying a corresponding functional layer.
The commercially available protective coatings for wear reduction in forming technology are often based on
material developments for cutting technology. The protective coatings for cutting tools are characterized by
very high chemical stability and wear resistance and are often deposited on hard metals. Potential materials for
these applications are transition metal nitrides and carbides [14] and transition metal aluminum nitrides [1517]. The protective layers are deposited in various thicknesses from a few nanometers (thin layers) to the
millimeter range (thick layers) by means of various (plasma-assisted) processes (PVD, CVD, deposition welding). According to Clarysse et al. [14], the selection of suitable protective coatings for forming processes has
so far mostly been carried out using the trial-and-error method. It was shown that the use of hard and brittle
coatings on tool materials that are relatively soft compared to cutting tools reduced the performance. For this
reason, measures are being taken to increase the load-bearing capacity of the tool surface layers, e.g. (plasma)
nitriding [14,15], while the alternate deposition of hard material layers and (metallic) layers with lower rigidity
enables the formation of "multilayer" structures, which significantly increases the fracture toughness of the
layer systems.

Fig. 1: Occurrence of cold welding in metallic contact. [6]

Little has been reported on the use of these coatings in dry forming; according to the current state of the art,
the improvement of resistance to adhesive wear is achieved exclusively by the use of lubricants [1,5]. The
above mentioned facts, especially the connection between adhesive wear and the formation of chemical bonds
described by Groche in a recent review [1], motivate the research strategy of quantum-mechanically guided
design of tool protection layers with minimal chemical interaction between tool and workpiece, which is unconventional for metal forming technology. It is expected that on the basis of this material design approach
the adhesion wear will be significantly reduced, thus enabling low-wear dry forming.
1.3 Surface structures for wear reduction
While the cause of abrasion is largely understood, the function of adhesion has not yet been sufficiently clarified [18]. The development of high adhesion forces requires, among other things, the microgeometric adaptation of the paired surfaces as well as macro- and microgeometric surface enlargements of the friction partners,
as they occur during forming at micro-contact points of roughness [1].
In the field of surface modification, (mechanical) polishing is widely used to remove defects and rough structures protruding from the surface, which can serve as starting points for an adhesive material transfer from the
workpiece to the tool. For wear tests on laboratory scale, tool surfaces are therefore polished to a roughness of
Ra < 0.1 µm. For industrial applications, however, these roughnesses are sometimes very difficult to achieve,
partly due to limited accessibility. Therefore, large, complex tools are usually at least partially polished manually and minimum roughnesses of Ra = 0.2 µm are achieved. [19].
Overall, the surface topography has a decisive influence on the tribological conditions in the tool and workpiece surface system [20]. The use of a functionally adapted surface design to improve the tribological properties in forming processes is therefore an essential part of current research and development [21]. Mechanical

(SBT: Shot Blast Texturing), electrolytic (EDT: Electro Discharge Texturing, EBT: Electron Beam Texturing)
as well as laser-assisted (LT: Laser Texturing) structuring processes are used, for example, to help steel strip
achieve more favorable deep-drawing properties by means of defined structural features during cold rolling
[22].
Previous studies on laser structuring of forming tools have been exclusively investigated for tools that use
lubricants during the forming process at the same time. In addition, Wagner et. al. [23] show that the life time
of the forming tool can be increased by selective surface treatment of the forming tool with laser radiation.
Characteristic material properties such as hardness, residual stress, retained austenite content, etc. are specifically adjusted by laser treatment.
As these results only refer to forming processes using a lubricant, their transferability to lubricant-free forming
processes is only partially given. A significant difference can be expected for the dimensions of structures,
since lubricants have a significantly different flow behavior than the material to be formed. In particular, sub
microscale structures will most likely not have a significant influence on the wear behavior.
The interaction between different surface roughnesses, structures and materials and their influence on the coefficient of friction in forming tools without the use of lubricants has not been described sufficiently so far.
Experimentally as well as analytically and numerically this analysis is a challenge.
So far, no investigations have been carried out on the interaction between surface topography, characteristic
material properties and tool surface in the field of lubricant-free forming. The interactions are therefore only
insufficiently known or described. Since surface topography [14] or roughness [19] and microstructure [24]
have a significant influence on abrasive and adhesive wear, a systematic investigation of these influence-effect
relationships is necessary.
1.4 Tribology characterization in forming technology
The determination and description of the tribological conditions is still theoretically only possible to a very
limited extent due to the manifold phenomena. Therefore experimental investigations play a major role. The
good transferability of the results of real tests is contrasted with the high risk of tool damage. Furthermore, the
local conditions are hardly analyzable and therefore systematic parameter variations are impossible. The statements obtained usually only refer to the investigated component [25].
Test methods that map areas of a process under conditions that are as homogeneous as possible are widely
used. The advantage of these tribometer tests is that they are relatively simple and inexpensive to carry out and
the environmental influences on the contact conditions can be easily limited. Different test principles are available for different contact conditions: pin-on-disc, ring-on-disc, etc.
A transfer to forming technology is problematic, since the workpiece is not in the plasticized state. Numerous
analogy experiments have therefore been developed in the field of sheet metal forming in order to represent
the contact and load conditions in the individual areas of the workpiece during deep drawing as realistically as
possible [26]. However, the transferability of the results to bulk metal forming is problematic, since the expected surface enlargement cannot be assumed and the contact pressures that actually occur cannot be achieved
in a scalable manner. The Burgdorf ring compression test [27] or the further developed conical tube-upsetting
test are still used for this purpose. Well-known methods for the description of local load cases in closed dies
are the reduction test, which allows conclusions to be drawn about the respective tribological system by means
of relative force comparisons of individual test series [25], and the sliding compression test, which aims to
directly determine the friction coefficients under realistic loading [28]. Various test setups have been presented
for the tribological characterization of aluminum extrusion [29]. The configuration of a torsion tribometer
according to [30] appears promising for the adaptation of the tribological conditions during cold extrusion.
Depending on the forming process under consideration, the tribology characterization depends on the realistic
representation of the contact conditions with regard to surface pressure, surface enlargement, relative speeds
and sliding path. For bulk deformation the difficulty is that up to now there is no basic experiment where the
normal pressure is freely scalable as a multiple of the yield stress and the sliding paths are long enough to
analyze the influence of several load cycles.

1.5 Conclusion and goals
The most common and currently most effective method of reducing friction and wear in cold forging is the use
of lubricants. The development of coating concepts and functional surfaces has so far been empirically guided
and aims at the use of structures as lubricant reservoir. However, it is only possible to completely dispense
with lubricants in cold forging if the leading wear mechanism adhesion can be effectively prevented. The
quantum-mechanical design of adhesion-minimized surface layers in combination with the functionalization
of the surface layer by adjusting the micro-topography in a targeted manner provides a starting point for this.
Following the development towards dry machining in machining technology, the aim of this investigation is
to optimize the tribology of cold extrusion by using modified surfaces (structures) and the quantum-mechanically guided design of adhesion-minimized surfaces in order to enable lubricant-free processes in cold massive
forming. The goals in detail:
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•

Development and synthesis of adhesion-minimized layers by quantum-mechanically guided design of
protective layers,

•

Development and implementation of modified surfaces (structures) to minimize wear and friction

•

Development of a tribological test sequence for the characterization of friction and wear properties
during cold extrusion of aluminum,

•

Evaluation of layer systems and surfaces in tribological tests taking into account contact stresses and
sliding paths in the real process and

•

Development of a tool concept with locally adapted surfaces for dry forming during cold extrusion of
aluminum.

Process analysis and development of a tribological test sequence

2.1 Process analysis
For the selection and design of suitable analogy tests, knowledge of the prevailing load spectrum is necessary
first. As already explained in the state of the art, different process variables have an influence on friction and
wear. In metal forming technology these are generally:
-

Local plastic strain

-

Relative contact stress (Relative contact pressure)

-

Relative velocity between tool and workpiece

-

Temperature

The influencing factors listed are not independent of each other. In cold forming, a higher local deformation
inevitably leads to a hardening of the material and thus to higher normal stresses. The workpiece temperature
is also increased by dissipation and friction, which can cause the flow stress to decrease locally. In addition,
the load spectrum in full forward extrusion depends on the tool geometries considered and the machine kinematics. For example, the degree of deformation and the shoulder angle of the die have a significant influence
on the local change in shape and the normal stress. The relative velocity between tool and workpiece is influenced not only by the die geometry but also by the punch velocity. Absolute values for normal stress also
depend on the workpiece material.
Using FEM simulations (software: simufact.forming) a load case analysis was carried out for lubricated and
dry full forward extrusion with different die geometries. The results form the basis for the selection and conception of suitable analogy tests for the formation of the tribological test sequence. The simulations were
carried out under the boundary conditions of a constant punch velocity (hydraulic press, vP = 20 mm/s) and
homogeneous initial temperature distribution of 20 °C for all dies (TT), the workpiece (TWP) and the environment (TS). To classify the load spectrum, simulations were performed under lubrication (Coulomb model,
μ = 0.06, corresponding to [31]) and with high friction between tool and workpiece during dry forming (combined friction model, μ = 0.5 and m = 1). For the thermally relevant material data heat conductivity λ, density
ρ and heat capacity cp as well as for the heat transfer to the tool αT, to the environment αS and by radiation ε
the standard values for the materials pure aluminum and the cold work steel 1.2379 were used. In cold forming,

these values are less relevant, so that a more precise experimental determination does not seem justified. The
elastic material behavior was modelled at room temperature with an elastic modulus of 71 GPa and a Poisson
ratio of 0.35. Extrapolated flow curves were used for the plastic material behavior [32]. The basic simulation
model with its boundary conditions and material data is summarized in Figure 2.1. The workpiece is discretized
with 6,500 elements (edge length 0.2 mm) at the beginning of the process and is remeshed in case of tool
penetration or a local strain change of 0.4.

Fig. 2.1: Summary of the simulation model for the lubricated and dry full forward extrusion. [32]

The aluminum billet has a diameter of 20 mm and is 25 mm long. The die variations considered are sketched
in Fig. 2.2 and differ in the degree of deformation (φ = 0.2; 0.8; 1.4) and the shoulder angle (α = 30°, 45°, 60°).
The basic specifications from [33] were taken into account in the design, whereby the low degree of deformation of φ = 0.2 can be described as atypical for impact extrusion. By using this small diameter reduction, it
can be checked whether there are lower degrees of deformation with reduced load spectra for which dry impact
extrusion appears feasible. The die land is 2 mm long for all variants. The transition radii between the initial
diameter and the shoulder (marked ① in Fig. 2.2) are 4 mm for the dies with φ = 0.8 and 1.4 and 0.75 mm for
the dies with the smallest deformation φ = 0.2. Transition radii of 1 mm are incorporated in the transitions
between the die shoulder and the die contact surface (marked ② in Fig. 2.2).

Fig. 2.2: Considered dies with variable true strain φ as well as shoulder angle α and resulting surface enlargement A1/A0, contact area AK and contact
length lK in the shoulder (data without considering die contact area and transition radii ①, ②). [32]

In the following, the previously listed process variables relative contact stress, relative velocity and temperature in the contact zone are investigated as a function of the die geometry and the friction conditions. For
comparability of the individual process variants, the individually considered variables of the load spectrum
were normalized, if possible, depending on the workpiece material (e.g. initial flow stress) or the machine
kinematics (e.g. punch velocity). This procedure enables the load spectra to be compared later in the full forward extrusion process and in the analogy tests of the tribological test sequence. The load quantities were taken
along the contact zone, after 12.5 mm punch stroke or a process time of 50 %, respectively.
Figure 2.3 and 2.4 summarize the results for the individual dies and friction conditions. In order to allow for
an improved comparability of these results with the dry results, the maximum limits of the axes have been
chosen accordingly large. Different lengths result for the considered distance s, since the area between die and
workpiece increases with a higher true strain and smaller die angle. An even more detailed process analysis,
for example using elementary plasticity theory, can be found in [32].
The calculations shown here allow initial findings to be derived for the dry impact extrusion of aluminum and
the associated challenges. Based on the determined load spectrum, a selection and design of the tribological
test sequence is finally possible. The surface modifications to be developed, which are to substitute the lubricant in its functions, will lead to friction within the simulated interval and thus to a load spectrum between
these extreme values.

Fig. 2.3: Relative contact pressure, relative velocity and temperature occurring along the contact zone s after 12.5 mm punch stroke for different die geometries in the lubricated process. [32]

Fig. 2.4: Relative contact pressure, relative velocity and temperature occurring along the contact zone s after 12.5 mm punch stroke for different die geometries in the dry process. [32]

2.2 Tribological test sequence
A tribological test sequence with three different laboratory tests was developed based on the previously presented simulation results. The tribological test sequence includes:
1. The conical tube-upsetting test
2. A compression-torsion tribometer
3. A demonstrator test bench of full forward extrusion
This publication focuses on the last two elements of the tribological test sequence. Further information regarding the conical tube-upsetting test can be found in [32,34]. Fig. 2.5 shows the test chamber of the compressiontorsion tribometer (a first version of the system was presented in [35]) for closer examination and explanation.
The used motor has an effective torque of 135 Nm, so that no drop in rotational speed is to be expected even
when contacting the test specimens. A high force cylinder is used to apply the axial force. Operated with up to
10 bar air pressure, forces of up to 18 kN can be generated. Clamping bushes are used for the specimen holders.
Various measured variables are recorded. The measurement of the applied axial force is realized via a load cell
with a maximum measuring range of 200 kN and an associated measuring amplifier. Via a lever arm the torque
transmitted from the driven motor side is transferred to another load cell (measuring range up to 35 kN) and
can be calculated with knowledge of the lever arm length (constant 30 mm). A measuring amplifier is also
used for this purpose. On the cylinder side, a displacement transducer (potentiometer) is installed, with which
the slide position can be recorded. On the driven side, the number of revolutions is measured with the aid of a
speed sensor and an eight-segment encoder wheel mounted on the shaft.

Fig. 2.5: Test chamber of the tribometer with: a) sample holders for the workpiece sample on the engine side, b) sample holders for the tool sample on
the pressure cylinder side. [36]

In order to be able to map the previously determined load spectrum, special specimens must be used. Figure
2.6 shows the developed specimens. The brass encapsulation ring used keeps the workpiece material in permanent contact with the counter body, so that normal pressures above the initial flow stress can also be tested
with defined sample geometry. The workpiece specimen can be deformed by the free space to the encapsulation ring. In this way, conditions at the die shoulder are reproduced. The represented size of the free space
corresponds to a doubling of the contact area. By dimensioning the free space differently, other surface enlargements can also be realized. A heterogeneous relative velocity occurs over the contact radius. This circumstance must be taken into account in the evaluation of the test. Deviations in shape must be prevented during
the production of the specimens. Otherwise, influences on the measurements cannot be excluded [37].

Fig. 2.6: Design of the used workpiece and tool specimen with encapsulation ring and locating surface in sectional and full view; final contact area in
red [38]

The final evaluation of the tribology of dry impact extrusion is done in a laboratory extrusion test (first presented in [39]). This completes the test sequence and brings the testing procedure even closer to the industrial
production. The requirements for the test stand include the possibility of testing different die geometries and
the accessibility of the die surfaces for the processing of the surface layer. Furthermore, the surfaces must be
suitable for the subsequent wear analysis and the tool costs must be controllable.
Horizontally split dies are used to meet the above requirements. This ensures the required accessibility for
machining and wear analysis. Furthermore, individual tool segments can be used several times. For the selection of split dies, the reduction of stress peaks in the transition radii plays only a minor role. When processing
pure aluminum, the forces occurring are sufficiently low so that this type of damage does not occur. The demonstrator test rig and the individual tool segments are illustrated in Fig. 2.7. The three die segments (die
holder, die and recipient) are inserted into the container and axially clamped by the container lid. The container
is connected to the base plate by the fastening clip. Despite the small clearance between punch and die and
despite the axial pretensioning of the entire package, there is a small axial flow of material against the punch
stroke and in transverse direction between die and container. Due to the possibility to remove the complete
package from the container, the cross flow is unproblematic. However, the axial material flow can lead to high
tensile forces when the punch is pulled out. For this reason, the punch is designed in such a way that a breakage
occurs at the punch head if the tensile forces are too high and the entire structure of the demonstrator tool is
not subjected to excessive tensile forces. The guidance of the punch plate is ensured by the four guide pillars
between base plate and top plate. The entire setup was tested with dies according to Fig. 2.2 and reference
curves for lubricated and dry tests were recorded and presented in [32,40].
The tribological test sequence developed forms the basis for the experimental characterization of novel surface
layers for dry forming. Starting with the simulative and analytical investigation of impact extrusion, as the first
element of the test sequence, the requirements for the laboratory tests to be developed were determined and in
the following second element of the tribological test sequence a compression-torsion tribometer was designed.
By using encapsulated test specimens, high relative contact pressures can be achieved, as in impact extrusion
of aluminum. A free space in the test specimen also results in a sufficient surface enlargement so that the oxide
layer on the aluminum body is broken up in the contact area. As the third and last element in the tribological
test sequence, a laboratory-scale demonstrator test rig was designed. Horizontally split dies allow a specific
processing of the die segments and individual components can be used again.
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Surface structuring and polishing

As stated in section 1, the surface topography of the tool plays an important role in the tribological system of
dry cold extrusion of aluminum. Three different laser remelting processes were used to investigate the influence of different surface modifications on the adhesive wear behavior in this system. In all three processes a
focused laser beam creates micro melt pools on the metal while it is scanned over the surface. Depending on
the process parameters the surface topography can be smoothened (polished) and/or new structures can be
created. In contrast to other polishing or structuring technologies the material is only redistributed instead of
removed or added.
In laser micro polishing pulsed laser radiation is used to create shallow melt pools on the metal surface which
have approximately the same lateral dimensions as the laser spot but are only a few micrometers deep, as
depicted in Fig 3.1b. These shallow melt pools solidify before the following laser pulse creates the next one.
Due to their low remelting depth and short duration of existence only the micro roughness with wavelengths
below approx. 10 µm is smoothened by the surface tension of the melt while larger surface structures are
preserved [41]. This process can be applied on its own on less rough surfaces but often complements the other
two laser remelting processes (explained in the following) as a finishing step.
a)

b)
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Fig. 3.1: Process principle of the laser polishing process: a) macro laser polishing with continuous wave laser radiation; b) micro laser polishing with
pulsed laser radiation. [41]

Laser macro polishing on the other hand uses continuous wave laser radiation to create a continuous melt pool
with larger remelting depths of 20 to 100 µm. This process can even out surface structures that are larger in
height and wavelength and thus smoothen the whole roughness spectrum [41].

The third laser remelting process investigated here is surface structuring by laser remelting (SSLRM). This
innovative process is similar to laser macro polishing but instead of keeping the laser power constant it is
modulated sinusoidally. This power modulation creates periodically increasing and decreasing melt pools,
which redistributes the molten material and results in the creation of continuous periodical hill and valley
(sinusoidal) structures as depicted in Fig 3.2 [42].
Since the structures are created directly from the melt, the surface roughness is similar to macro laser polishing.
Compared to conventional polishing and grinding all three laser remelting processes have the potential tribological advantage that they create smoother surface topographies without sharp edges, grooves or burrs, as can
be seen in Fig 3.3. Especially in dry metal forming this is thought to be beneficial because without a lubrication
film there is more direct contact between tool and workpiece.

a)

b)
50 µm

c)
50 µm

50 µm

Fig. 3.3: Microscopic images of ground (a), macro laser polished (b) and micro laser polished (c) surface of tool steel 1.2343. [43]

All three laser remelting processes have in common that due to the rapid cooling of the micro melt pool the
material solidifies homogeneously with a very fine-grained microstructure. Therefore depending on the material and initial state, often an increase in hardness can be observed. Together these processes allow to selectively smoothen the surface in various parts of the roughness spectrum as well as creating stochastic or directed
structures ranging from µm to mm in height and wavelength.
Initial investigations comprised the micro laser polishing of hot work tool steel AISI H11 (1.2343) in two
different qualities – standard quality and electro-slag remelted (ESR) quality [38]. This steel was chosen as a
reference because the development of the laser polishing process at this point was largely carried out on this
material. These first results showed that smoother surfaces achievable on the higher grade ESR steel required
lower forces on the above mentioned tribometer and result in less measurable aluminum adhesion compared
to the rougher surface created on the standard quality steel due to inhomogeneities in the standard quality
material.
These investigations where extended to macro laser polishing and to include the cold work tool steel AISI D2
(1.2379) which is commonly used for the cold extrusion of aluminum. Process parameters had to be developed
for the laser polishing of this material. For both materials the mean roughness could be decreased from Ra =
0.5 µm on the ground initial state to Ra = 0.2 µm. The macro laser polishing, which smoothened the surface
in the meso roughness range of the roughness spectrum (spatial wavelengths 5 < λ < 160 μm) had little to no
influence on the aluminum adhesion compared to the initial state. Micro laser polished surfaces on the other
hand yielded improved wear behavior with less adhered aluminum [43]. Their significantly reduced micro
roughness (spatial wavelengths λ < 5 μm) firstly suggested that microstructures play an important role in the
formation of aluminum adhesion. The combination of macro laser polishing followed by micro laser polishing
yielded the best results, i.e. the adhered aluminum could be reduced by a factor of 10 compared to the ground
initial state [43].
In order to test these findings under real world conditions a concept was developed to apply the laser polishing
process to the 3D-surface of a die for aluminum cold extrusion (see part 3. in Fig 2.7). The laser polishing
process was adapted to sloped surfaces of AISI D2 and executed on a 3D capable laser polishing machine at
LLT using the available CAD CAM process chain to generate scan paths on the 3D CAD model of the die.
The laser polishing process is executed by using the 3 optical scanning axes of the laser scanning system
simultaneously with 5 mechanical axes to position the workpiece. This enables a continuous polishing process
without the need to stitch multiple patches for macro as well as micro laser polishing [40].

5 mm
Fig. 3.4: 3D Laser scan paths on extrusion die. False color coding showing angles of incidence. [40]

Macro laser
polished

Initial
microstructure

The three laser remelting processes were investigated on a more homogeneous powder metallurgically melted
variant of AISI D2 (i.e. AISI D2 PM or 1.2379+) [44, 45] and process parameters were developed. This third
material was added to the investigation, as large inhomogenities (chromium carbides) in the standard variant
were found to influence the coating process negatively (see section 4). It could be shown that the macro laser
polishing process is able to homogenize the thin remolten surface layer, thereby eliminating the chromium
carbides in this region, as depicted in Fig 3.5 [46].
a1)

AISI D2 Standard
a2)

b1)

AISI D2 PM
b2)

50 µm
a3)

a4) remolten

50 µm
b3)

layer

HAZ
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Fig. 3.5: SEM and light microscope images of a) AISI D2 Standard and b) AISI D2 PM specimen: manually polished surface (1) and cross-section (2)
of the initial microstructure; manually polished surface (3) and cross-section (4) of a macro laser polished specimen. [46]

In order to investigate the influence of larger scale surface structures on the problem of aluminum adhesion
the process of surface structuring by laser remelting was developed on the two tool steels to create circular
structures (star shaped and concentric rings) of several 100 µm wavelength and several µm structure height
(smallest possible structure dimensions on available laser machine) on the tribometer test surfaces. These
structures were chosen to place the sinusoidal wave structure in direction of as well as perpendicular to the
material flow generated on the tribometer. Due to the working principle of the structuring process the target
structure determines the required laser scanning strategy, i.e. a spiraling scanning of the laser is needed to
create a star shaped structure while a rotating pendulum scanning creates the concentric circle structure. These
scanning strategies were implemented in the laser scanner control software by separate script and parameters
were developed to create the target structures. The tribological results are discussed in section 5.
A similar script was developed to create the final structure on the 3D surface of extrusion dies made from
1.2379+ for final real world testing. Due to the accessibility of the die the laser structuring needed to be performed with angles of incidence equal to the slope angles of the dies (30°, 45°, 60°) (see Fig 3.6). The process
had so far only been applied to flat 2D surfaces with perpendicular angle of incidence. Therefore the structuring
process was developed on sloped surfaces to determine parameters for the target structure under different angles of incidence. Additionally the patching of structured fields was investigated to identify process strategies
for seamless structure continuation in cases where surfaces cannot be structured in one process step.

Fig. 3.6: 3D representation of the programmed laser scanning path spiraling down the cone of the extrusion die to create the wave structure. Colors
represent laser power modulation.

Finally the findings for the different processes were combined to minimize interaction of the aluminum with
the tool during cold extrusion. Therefore the recipient as well as the straight walls of the extrusion die were
macro laser polished to smoothen the turning grooves. The sloped shoulder of the die, where the aluminum is
deformed, was also macro laser polished to smoothen the initial state for the subsequent structuring by laser
remelting. All laser remelted areas were finished with laser micro polishing to smoothen micro structures resulting from the remelting with continuous laser radiation (see section 5). The effects of the different process
steps on the surface topography are displayed in Fig. 3.8. The initial surface after turning shows turning
grooves with a height of several micrometers. This is the same height range as the target wave structure.
Therefore the first macro laser polishing step homogenizes and smoothens this rough surface (Fig. 3.8 middle)
to prepare it for the structuring by laser remelting step, which creates a wave structure with a wavelength of
300 to 400 µm and an amplitude of ca. 1 µm.
macro

5 mm
Fig. 3.7: Left: extrusion die - laser polished and structured. Right: recipient - inside partially laser polished in aluminum contact area.

initial surface after turning →

macro laser polished → SSLRM + micro laser polishing

surface geometry filtered with high pass λc = 700 µm

Fig. 3.8: False color surface height maps of extrusion die surface evolution with each process step (SSLRM i.e. surface structuring by laser remelting)
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Coating and functionalization

As emphasized in section 1, it is the aim of this chapter to design and synthesize coatings suitable to reduce
aluminum adhesion and to protect the forming tool against wear. The absence of liquid lubricants in cold
extrusion of aluminum results in macroscopic aluminum adhesion and a continuous degradation of the tool
surface as observed in Figure 4.1. An EDX line-scan (Figure 4.1b) across the interface of an adhering particle
(Figure 4.1a) indicates the role of surface oxides on the tool involved in the aluminum adhesion [47] as investigated by [9]. Hence a protective coating is necessary to avoid aluminum adhesion and to shield the tool
surface from degradation. The first choice fell on Mo2BC as coating material. Discovered in systematic studies
of transition-metal boron carbides by quantum mechanical ab initio studies [48, 49], the nanolaminated Mo2BC
bares the unusual combination of a very stiff and moderately ductile material. Its fracture resistance was determined experimentally by in-situ straining experiments outperforming other protective tool coatings, e.g.
TiAlN, and characterized close to the ductile behavior of metals [50].

Fig. 4.1: Aluminum adhesion on tool steel after testing in the tribometer, (a) secondary electron micrograph of adhering particle, (b) polished crosssection of aluminum-steel interface for EDX line-scan in (c). Reproduced from [47], with permission of AIP Publishing.

As first measure, the coating process adapted from ceramic substrates was adjusted for hardened tool steels.
Specifically, the substrate temperature during deposition was lowered to prevent hardness losses. High power
pulsed magnetron sputtering was utilized to ensure the crystal quality of the Mo2BC film at the lowered growth
temperatures down to 350°C [49]. Parallel, the interaction of Mo2BC with aluminum was investigated by theoretical means employing quantum-mechanical ab-initio methods for studying the hard-accessible nature of
aluminum adhesion at the tool-workpiece interface. In a theoretical experiment performed with the openMX
and VASP simulation packages, nine aluminum atoms were set in the proximity of a pristine or oxidized
Mo2BC resembling the structure of a deformed aluminum crystal (Figure 4.2a). Structural optimization based
on energy minimization revealed shrunken distances between Al and (oxidized) Mo2BC surfaces as well as
the formation of aluminum bonds with the (oxidized) Mo2BC surface (Figure 4.2b) [51,52]. Moreover, the
adsorption energy per adsorbed aluminum atom was determined on both surfaces, pristine and oxidized
Mo2BC, and compared to the adsorption energy of well-studied other pairings. Evidently, the adsorption energy of aluminum on pristine and oxidized Mo2BC obtained as 4.31 and 4.36 eV/atom locates within the range
of other adsorbants firmly attached by ionic or covalent bonds [52]. Conclusively, the theoretical studies revealed the atomic onset of aluminum adhesion as it can be expected that the material flow in aluminum forging
will lead to shearing within the aluminum work material due to the higher plasticity of the metallic aluminum
causing aluminum remaining chemically attached to the surface of the coating. Moreover, analyzing the adsorption energy qualitatively suggests the necessity of a tool surface terminated by van-der-Waals interactions
for low adsorption and adhesion.

Fig. 4.2: Surfaces of Mo2BC exposed to aluminum in initial (a) and final (b) structure of theoretical experiment [51] and comparison of adsorption
energies (c). [52]

Essentially, the results of the atomistic modelling on aluminum adhesion demand a strategy change towards
tool surfaces functionalized by alkyl moieties similar to adsorbed additives on tool steel surfaces exposed to
liquid lubricants [53]. In this regard, the term surface functionalization refers to the assembly of a monolayer
(ML) of alkyl phosphonic acids, thiols or silanes on surfaces of metals or metal oxides. Hence, these surfaces
are altered by terminating them with distal alkyl moieties [54]. Specifically, functionalization of metal oxide
surfaces with alkyl phosphonic acid was reported to result in monolayers firmly attached to the surface by up
to three P-O-M (M = metals) bonds and a dense arrangement of alkyl chains for moieties with more than 8
carbon atoms [55,56]. In order to apply alkyl phosphonic acid monolayers on forming tools homogeneously,
a vacuum process was designed in a newly self-build set-up where n-octadecylphosphonic acid (C18PA) was
evaporated on the surface of polished tools (Figure 4.3a). A subsequent substrate annealing lead to the removal
of physisorbed molecules and the formation of the phosphonic acid monolayer [57]. The complete process
took place in a vacuum chamber at pressures of 1·10-4 Pa. The resulting monolayer assesses 2.5 nm approximately [58] and was characterized by x-ray photoelectron spectroscopy (XPS) detecting the P-O-M bonds in
both, the O 1s and P 2p signal (Figure 4.3b, c) [57,59].

Fig. 4.3: Experimental set-up (a) and photoelectron spectra of functionalized 1.2343 proving the formation of P-O-M anchoring the C18PA monolayer
to the 1.2343 surface in phosphorous (b) and oxygen (c) signals. Reproduced from [57], with permission of the American Vacuum Society.

Subsequently, manually polished tools manufactured of hardened 1.2343 and 1.2379 tool steel were functionalized as described above and tested in the tribometer. The results depicted in Figure 4.4 reveal a strong reduction of transferred torque comparing the functionalized tool made of 1.2343 to the non-functionalized reference. As described in chapter 2, the quantity of transferred torque serves in this experiment as an integral
measure of the interaction between tool and aluminum workpiece [47,57]. The experiments carried out with
1.2379 tool steels show a different behavior compared to the 1.2343, as no significant reduction in transferred
torque is measured comparing the functionalized 1.2379 tool steel with the reference [47]. After the experiment, the volume of adhering aluminum on the tools was determined utilizing white-light interferometry (WLI)
subtracting the untested surface from the tested surface. The results clearly indicate an adhesion reduction for
the functionalized 1.2343 of around 60 % compared to the reference, while functionalization of the 1.2379
surfaces results in a less pronounced adhesion reduction. In order to understand the difference in functionalization of the two tool steels, the microstructure as well as the local surface chemistry of the functionalized
steels was determined by electron microscopy and auger electron spectroscopy (AES).

Fig. 4.4: Functionalized tool steel surfaces tested in tribometer where transferred torque (a) between tool and workpiece was measured during workpiece
deformation and aluminum adhesion was determined by WLI (b) of the tool surfaces after the test. First row in (b): Photographs of tool surface,
second row in (b): Height deviation due to aluminum adhesion. Reproduced from [47], with permission of AIP Publishing.

While the 1.2343 steel consists of few mostly manganese carbide precipitations, the microstructure of the
utilized 1.2379 tool steel reveals large chromium carbide precipitations (Figure 4.5b). Exploring the local surface chemistry by AES, phosphorous concentrations and the concentration ratios of phosphorous to metal were
significantly smaller on the chromium carbide precipitations compared to the steel matrix and the more homogenous 1.2343 [47]. The concentration ratio of phosphorous to metal provides an accessible magnitude to
describe the molecular coverage of the C18PA anchored by P-O-M bonds. Conclusively, the molecular coverage depends on the surface chemistry of the substrate to functionalize with C18PA.

Fig. 4.5: Auger electron spectra (a,c) determined on indicated spots in electron micrograph (b). Lateral measuring spot size: <100 nm. High resolution
spectra of P LVV signal (c) reveals higher phosphorous concentration on steel matrix than on carbide precipitation identified by overview
spectra (a). Reproduced from [47], with permission of AIP Publishing.

As indicated by the retrieved results in [47], a reduced molecular coverage is detrimental for protection against
aluminum adhesion due to the more tilted molecules and hence thinner molecular layers of C18PA. Furthermore, oxides of different metals react differently with C18PA. Especially oxides on pure chromium, molybdenum, and manganese were reported to show little or small reaction with phosphonic acids [60]. In order to
overcome the difficulty of an inhomogeneous surface chemistry alongside with elements not reacting with
phosphonic acids, an intermediate adhesion layer was implemented in the functionalization strategy directly
coated on the tool steel surface. 20 nm thick coatings of Cu and Fe were applied as adhesion layer due to the
formation of hydroxides on their oxide scale which are necessary for the chemical reaction of the phosphonic
acid with the surface. The surface of these adhesion layers coated on steel disks was then functionalized with
monolayers of phosphonic acids with different molecular coverages realized by a variation of the evaporation
time and confirmed by P/Cu or P/Fe concentration ratios determined by XPS [59]. In a ball-on-disk set-up
against aluminum, the functionalized Cu-surfaces revealed reduced friction for a certain sliding distance depending on their coverage and a reduced wear track width (Fig. 4.6a). The influence of the increased coverage
on the sliding wear behavior evidences as for the functionalized surfaces with largest molecular coverage no
breakdown of the lubricating effect was observed and the formation of a wear track was obstructed (Fig. 4.6b).

Fig. 4.6: Ball-on-disk test results of functionalized Cu-coated disks against aluminum balls. The highest coverage indicated by the P/Cu-concentration
ratio revealed low friction (a) for the complete test and obstructed a wear track formation (b). [59]

Contrarily, the functionalized Fe-surfaces did not improve the sliding wear behavior of aluminum rubbing
against the functionalized surfaces compared to non-functionalized and references surfaces featuring friction
coefficients of µ = 1.0 - 1.4 and equal wear track widths independently of coverages. This observation lead to
further investigations of the differences between the sputter coated Cu and Fe-adhesion layers, since similar
coverages were measured for both, Cu and Fe-adhesion layers. Investigation of their surface chemistry revealed a significant difference in the hydroxide content of their oxide scales. As hydroxides provide a reactive
side to form P-O-M bonds anchoring the C18PA molecules on the surface, the hydroxide/oxide ratio is crucial
for the surface functionalization. Hence, it can be assumed, that a 2-fold decrease in the hydroxide/oxide-ratio
observed for the Fe-coated surface compared to the Cu-surface dramatically influences the chemical binding
situation of the C18PA molecules leading to a monolayer with less P-O-M bonds compared to the monolayers
on the Cu-surface. Consequently, the sliding wear behavior is affected, as the weaker anchored molecules can
be stripped resulting in direct failure upon contact of the functionalization of sputter coated Fe-surfaces.
Alternatively, a different approach was chosen to gain a homogenous surface chemistry by laser modification
of utilized tool steels. Laser polishing processes (section 3) for removal of detrimental carbide precipitations
as described before and laser structuring processes were also investigated regarding their influence on the
formed oxide scale and the provision of reactive sides. The laser polishing of 1.2379 resulted in a slag like
oxide scale consisting of several slag forming elements, e.g. Al and Si and was hence disregarded for further
experiments [46]. However, 1.2343 purified by electro-slag remelting (ESR) and laser structured (section 3)
surfaces revealed a sufficient number of hydroxides in the oxide scale. The combination of laser structuring
and surface functionalization was tested on the tribometer tool surfaces of 1.2343 (ESR) will be further discussed in section 5 as one of the selected lubricant-free tribology concepts.

Conclusively, it was demonstrated that the functionalization of tool surfaces reduces the interaction between
tool and aluminum workpiece due to the weak van-der-Waals interaction between distal alkyl-chains of functionalization and bare aluminum once the workpiece was deformed and hence dismantled from its protective
oxide scale. The efficiency of C18PA monolayers as wear protection bases on two fundamental parameters:
First local surface chemistry measurements revealed the importance of firm anchoring for the C18PA monolayer reducing wear protection if not chemically bound [47]. In consequence, strategies were elaborated to
create a homogenous surface chemistry either by coating [59] or laser processing [61]. The combination of
laser structuring and surface functionalization established so far the best working surface to prevent adhesion
[62]. Further investigations on the sliding wear behavior of functionalized surfaces lead to the identification
of a second fundamental parameter, which is the molecular coverage of the functionalization. Improving the
molecular coverage by increasing functionalization time resulted in further reduction of friction and wear
against aluminum [59].
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Combination of laser surface treatment and functionalization

Finally, both strategies (laser processing and functionalization of the surface) were used together and the surfaces produced were tribologically characterized.
As already emphasized in section 3 and 4, some laser remelted surfaces can be functionalized with higher
coverage due to increased number of hydroxides and dissolving of carbide precipitations [46]. Consequently,
tribometer tool surfaces of 1.2343 (ESR) were patterned with circular and star-shaped structures of both, 1 and
10 µm structure height, as can be seen in Fig. 5.1 [62].

material flow
parallel (circle)

perpendicular (star)

λ = 380 µm

λ(r) = 120 - 300 µm

structure height
1 µm

mm

mm

mm

mm

structure height
10 µm

Fig. 5.1: False color representation of WLI measurements of structures created on tribometer samples with laser remelting process (SSLRM). Structures
are oriented parallel (left) and perpendicular (right) to the material flow and were created in two different structure heights (top/bottom).

Subsequently, the tools were functionalized as described before leading to C18PA-monolayers chemically
attached by P-O-M bonds and distal alkyl-chains (SAM) [57]. Afterwards the specimens were tested in the
tribometer and the adhered aluminum volume was measured via WLI. Figure 5.2 depicts the measured torque

curves while Fig. 5.3 shows the results of the WLI measurements (contour plot as well as overall adhered
aluminum volume).
Independently of the pattern, non-functionalized structuring heights of 10 µm lead to large aluminum adhesion
accumulating on the surface features. Tool surfaces structured similarly but functionalized showed a reduction
in transferred torque and in aluminum adhesion especially with measured reductions of more than 90 % [62].
Non-functionalized surfaces with structuring heights of 1 µm lead to a similar reduction in aluminum adhesion.
However, no significant difference in aluminum adhesion was determined between functionalized and nonfunctionalized star-shaped surfaces with 1 µm structuring height. Contrarily, the functionalized surface with a
1 µm circular pattern showed the smallest amount of aluminum adhesion for all structured surfaces, which was
determined 75 % lower compared to the non-functionalized structured reference. Compared to both, non-functionalized structured or flat polished references as well as to the polished and functionalized tool surface, the
1 µm circular structured and functionalized tool revealed a continuous transferred torque during testing which
was observed 2-fold lower compared to the structured non-functionalized reference as well as the functionalized polished reference.

Fig. 5.2: Torque curves for star-shaped and circular structures with different structure heights and functionalization. Lower torque indicates less friction
[62]

Although reduced, high resolution secondary electron microscopy disclosed the aluminum adhesion on functionalized 1 µm star-shaped and circular patterned tools (Figure 5.4). Here, a distinct difference in aluminum
adhesion was observed for the two different structures: While the adhesion generally occurs on the substructures of the laser structured surfaces originating from the laser displacement, larger volumes of aluminum were
discovered for the star-shaped structure compared to the circular structure. For the latter, the aluminum adhesion is very thin, assumable less than l µm in thickness, so that the structure underneath the adhesion is still
visible when detecting back-scatter electrons. The micrograph (Figure 5.4f) exposes an experimentally found
on-set of aluminum adhesion on micro-rough surface features of martensite needles and dendrites stemming
from the laser structuring process involving remelting of the surface. It is assumed that the aluminum adhesion
occurs first on these structures due to their roughness and exposition in the surface [62].
Based on this result, the possibility of smoothing the martensitic structure by laser processing was investigated.
Laser micro polishing was used because it creates very shallow melt pools of only a few micrometer depth.
This leads to higher cooling rates compared to laser macro polishing with cw laser radiation. Therefore the
material solidifies very rapidly and homogeneously, theoretically giving it less time to form martensite. The
process parameters were a beam diameter dL of 250 µm, pulse durations tP of 1 µs, repetition frequency frep of
20 kHz, scanning velocity vS of 500 mm/s, track offset dy of 30 µm. Average laser power PL was varied to
achieve different degrees of remelting. The result is that this process is able to gradually smoothen the micro
structure of the martensite needles from a partial remelting with lower laser power (65 W) to a complete remelting with higher laser power (80 W) (See Fig 5.5). The mechanisms leading to the smoothing of the martensite structure must be further investigated by hardness measurements (nanoindenter) and high-resolution
microstructure analysis.

Fig. 5.3: WLI measurements of the overall adhered Al volume of different surfaces after testing in the tribometer. Columns: A) structured (Wave shape);
B) structured and functionalized; Rows: 1) deep star-shaped structure (10 µm); 2) deep circular structure (10 µm); 3) smooth star-shaped
structure (1 µm); 4) smooth circular structure (1 µm). [62]

Fig. 5.4: Scanning electron micrographs of aluminum adhesion (dark) detected on 1 µm laser structured and functionalized surfaces with star-shape
(first row) and circular structure (second row). High resolution secondary electron micrographs (b and e) of overviews (a and d) and backscatter electron micrographs of the same area expose substructures, e.g. martensite needles and dendrites, as onset of aluminum adhesion. [62].

Initial state after laser macro polishing

low power laser micro polishing
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(crystaline structure)
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Fig. 5.5: False color representation of WLI measurements on tribometer sample surfaces (material: 1.2343 ESR). After macro laser polishing (a) the
sharp crystalline martensite needles are clearly visible. With increasing laser power the laser micro polishing process with its short lived shallow
melt pools is able to gradually remelt these micro structures either partially (b) or completely (d).
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Conclusion and future work

Despite many possible savings potentials, dry bulk metal forming is currently hardly used in an industrial
environment. The reason for this is the intensive mechanical and chemical interaction between the surfaces of
the workpiece and the tool without the use of separating lubricants. The increased risk of adhesion and abrasion
is associated with a poorer surface quality of the produced workpieces as well as a shorter tool life or in the
worst case immediate failure of the tools. The core challenge therefore lies in reducing the interaction in the
effective joint between workpiece and tool by other means in order to achieve comparable friction and wear
characteristics as in the lubricated process. In order to accomplish this task, novel technical surfaces on tools
and a reduction of the tribological loads, if necessary also by accepting a reduction of the process window can
be considered.
The reported project has addressed this challenge and provided insights in various areas. These include:
-

The development of a tribological test sequence for the full forward extrusion of aluminum

-

The analysis of the process challenges and existing control variables in the implementation of dry
impact extrusion

-

The development of novel surface modifications using laser remelt processing for different materials
and more complex geometries

-

The understanding of adhesion formation on atomic level

-

The development of a novel functionalization concept with self-assembling monolayers (SAM)

-

The characterization of the basic suitability of a combination of laser processing and functionalization
for the dry forming of aluminum

The combination of laser processing and functionalization with self-assembling monolayers offers great potential and first test results in the tribological test sequence show the basic functionality by means of a reduced
interaction of the tool edge layer with aluminum. Especially the tests in the tribometer prove the performance
capability, which have to be confirmed within further research work. This must be accompanied by a deeper
understanding of the combined surface modification.
In the future, the connection of the self-assembling monolayers to the die must be further optimized so that a
longer service life can be achieved. Besides enhancing the surface functionalization itself, a tribological active
coating, e.g. refractory metal sulfides, applied in between self-assembling monolayer and die surface may
further preserve the structural integrity of the protective surface architecture and obstruct detrimental asperity
contacts. Simultaneously, low interaction is maintained by small van-der-Waals interaction between self-assembling monolayer and reactive aluminum. Laser processing of the tool surfaces not only changes the tool
topography by polishing or structuring, but can also achieve a chemical optimization of the surface layer by
breaking up carbides, which are considered critical for functionalization. Thus, more homogeneous surfaces
could be created for the connection of the SAM. Combining laser surface modification techniques and protective surface coating and functionalization enclosed in one set-up may constitute an experiment with large impact on industrial tool manufacturing beyond dry metal forming applications.
The vision of dry bulk metal forming of aluminum has not yet been fully achieved for the process example
shown. The tools for effective testing of the surface modifications are now available, so that further and targeted research into dry forming can be carried out in the future. Future research work and investigations must
show within which process- and material-related limits dry extrusion of aluminum is economically feasible.
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